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L06 PHYSICAL BASIS OF HEREDITY

Fxa. d*!.—Cells omorging from the resting stages preparatory for the next spermatagonial
division. (After Wenrioli.)

Fin. 40. --Colls onierging from their last spermatagonial division, a, b; passing into the
synapsis stage, a, d; (After Wanrich.')
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for the ordinary spermatogonial (or somatic) 6ell-d.ivi-

sions. Bach chromosome vesicle begins to show a coiled

thread (Fig. 46, c). Each thread next becomes longer

and longer (Fig. 46, d) until the whole nnclens is filled

with them. One or both ends can often be seen at the

“distal pole” of the cell, where deep-staining nucleoli

are present;. The cells are now in the so-oaUed thin

thread, or leptotene stages.

The threads next come together in pairs beginning

at the distal end of the chromosomes (the zygotene stage,

Fia. 47.—Formation of a thick thread after synapsis, a, h] and the follc wing cfindonaation

of a tetrad, c. (After Wcnrioh.)

Fig. 47, a). When the fusion is complete and all the

threads are double (Fig. 47, 6), the stage is called the

thick thread or pachytene stage. There are half as many
threads now present as at the beginning. A longitudinal

split is present in the chromosome throughout these stages

along the line of fusion of the two thin threads. Wenrich

identifies the split as the “primary split.”

Another longitudinal split at right angles to the other

one soon appears (Fig. 47, c), thus forming tetrads, each

composed of four chromosomes. The tetrads next shorten,



110 PHYSICAL BASIS OP HEREDITY

threads furnish no proof that an interchange must have
taken place earlier, but neither does it furnish any evi-

dence that interchange had not taken place. For example,

the most obvious interpretation of Pig. 48, 2 c? is that

the upper end of the tetrad has separated in the plane

of the secondary split (in anticipation, as it were, of the

separation about to take place in this plane)
,
and has sepa-

rated in the lower part of the same tetrad in the plane of

the primary split. This interpretation does not involve

any real crossing over in the sense that the two crossed

threads had previously broken and interchanged, as Jans-

sens’ ohiasmatype assumes on the ground that the two
granules (threads) in contact at the upper end of the

tetrad must be related to each other in the same way as

are those further back in the tetrad.

This last assumption is the foundation of Janssens’
view, but has no longer sufficient evidence to support it,

even though none opposes it. Nevertheless, it should bo
clearly understood that evidence such as this, derived

from 'Wenrich’s results, can not possibly be held to show
that an earlier interchange or crossing over has not
occurred. If it had, such a figure as this (c) would, as

explained above, be a consequence to be expected.

The constancy of the heading of the chromosomes in

each individual is most remarkable. Its significance for
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out of it mth at least the same size they had on entearing

it. Eadi pairing chromosome maintains its distinct indi-

viduality during this period. This is opposed to the

idea of Janssens ( ’09) and Morgan ( ’ll), as expressed in

the theory of chiasmatype. In their theory ihey assume
that homologous chromosomes in parasynapsis twist about

eaeh other and fuse. On splitting, a plane passes down
the fused body, regardless of the previous spiral fusion

plane, resulting in two daughter chromosomes which may
not be identical with the two chromosomes which entered

the process. Each new one may contain parts of both

origiaal chromosomes. If such had been the case, the

separation or formation of a short and a long dhromo-

soone out of the first diromosome with such regular-

ity of size, etc., as we have shown, could not have
occurred.” On the contrary, even if cfossiug over had
occurred within the region where the short and the

long pieces cam© together, the separation would be
expected still to be exactly that described by Eobertson;

for the genetic evidence points very clearly to the con-

clusion that the interchange involves exactly equal and
opposite parts. There is no reason to suppose that

regions outside the conjugating reigion would be affected;

on the contrary, all the genetic evidence would lead us to

expect no such effects.

SuMMABT or Evbdbxob

H we have found Janssens’ evidence inadequate as a
demonstration of crossing over, what other evidence is

there in the history of the chromosome to which an appeal
can be made! First, there is the undisputed fact that at

the time when the chromosomes come together they spin

out into long, thin threads which, as they meet, lie over
and under each other, so that the line of fusion is in a
spiral plan. Later, when the fusion is complete, it is no
longer possible to follow the plane of union, but unless

the chromosomes slip around each other after crossing
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over—^for wMobt there is no evidence—one member 'of the
pair must lie on one side of its mate in one region, and
on the O'ther side in other regions. Second, when the thick
thread splits anew just before condensing into the tetrad
it is so difficult to follow the course of the split in all oases
that it cannot be affirmed that it always lies in one plane
throughout the length of the chromosome, but if such
should turn out to be Ihe case, as so often figured, it would
appear to mean that the crossing over had taken place and
been obliterated by the time the condensation began.
Third, evidence such as that described by Wenrich—of
which sort there are other oases but none quite so clear

—

indicates that the chromosomes are enclosed in vesicles

until they begin to spin out each intp a long thread. Inter-

change of the sort called for by the genetic evidence could
scarcely take place until the walls of the sacs had disap-

peared. The thin thread stage that follows would seem
best to fulfill the conditions called for by the genetic evi-

dence. The moment the primary split appears after the
two threads have fused there would seem to be precluded
any further chance for crossing over, as the genetic

evidence suggests. This analysis leads, then, to the thin-

thread stage as the most favorable stage for the requir-

ments of the genetic evidence.

It is well known that most of our information about the

maturation stages is derived from the male, because of the

greater ease of obtaining the critical stages, and in prepar-
ing material We are handicapped in discussing crossing

over to a large extent by the fact that we must appeal
largely to the evidence of spermatogenesis. In Drosophila
at least there is no crossing over in the male. On the

other hand, Nabours has recently found evidence in one of

the grasshoppers that crossing over occurs both in the

male and fanale. In this case evidence from the male
would be more to the point. Whether genetic crossing

over occurs in the male of Batracoseps and Tomopteris,
we do not know.

8
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In the female of some insects, amphibians,- selach-

ians and annelids, the thin-thread stages in the form of

U-shaped loops have been described—^^stages that are so

mudi like those of the male that the argument for one
would seem to extend to the other. But again this proves

too much, and we have yet to learn what cytologieal dif-

ferences exist in eases where crossing over occurs in one

sex and not in the other. On the whole, then, while the

genetic evidence is favorable in all essentials to the theory

of iuterchange between homologous chromosomes, it must
be confessed that the cytologieal evidence is so far behind
the genetic evidence that it is not yet possible to make a
direct appeal to the specific mechanism of crossing over on
the basis of our cytologieal knowledge of the maturation

stages. The idea that the chromosomes disappear as such

and go into some sort of suspension during the resting

stage is an old idea. 0. Hertwig thought that the chromo-
somes did actually ‘

‘ dissolve ’
’ at this time and ‘

‘ recrystal-

lize” at each division stage. Q-oldschmidt elaborated a
view of crossing over that rests on the assumption that

the homologous genes are set free in the resting nucleus

and may become interchanged during reconstruction.

Aside from certain inherent contradictions in Q-old-

schmidt ’s scheme (the most obvious ones have been
pointed out by Sturtevant and by Bridges), it stands

in contradiction to the one most certain fact that we
know about crossing over, viz., that not single genes

but whole blocks of genes are involved—^ia fact, the most
common sort of interchange involves the two entire pieces

of each chromosome.
The general idea that the genes become dissociated

during the resting phases is disproven by the way in

which they come together. The genetic evidence from
Drosophila shows that when crossing over occurs, let us
say at the middle of the chromosome, aU of the genes of

each half of each pair hold together—^and exchange as

large pieces. Now if the genes are dissolved at each rest-
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ing stage, there can he given no explanation as to why
homologous genes should not recombine in all imssible
combinations with other genes. But this is exactly what
does not happen. If it be supposed that the chromosomes
dissolve only partly into chains of genes, it is still not
obvious why the chains of one chromosome should be iden-
tical with those of the other (its homologue) as they must
be to recombine properly; for, in neighboring nuclei other
chains are forming—as the crossing-over results indi-
cate—^involving breaking at all possible levels.

Bateson and Punnett have proposed a theory of cross-
ing over that is called reduplication. It is fundamentally
different from the one here adopted. Although I tbink
this theory outlawed by the evidence that Plough has
obtained, and made impossible by certain other considera-
tions that will be ^ven later, the theory is so interesting
that it may be briefly stated. Bateson suggests that at
some time early in the embryo segregation may take place
involving heterozygous pairs of factors. In the actual
case presented only two such pairs are involved. As a
“symbolic presentation” of the situation Bateson gives
the diagram drawn in Pig. 51.

Although the dichotomous method of separation is

utilized in the second line of figures to show reduction of
the two pairs at once, such figures could obviously bear
no relation to the ordinary process of cell division—nor
do they, I understand, pretend to be. After separa-
tion (segregation) the cells that get AB and ab are repre-

sented as dividing faster than the cells Ab and Ba, hence
there will be more of them in proportion as the two rates

of division differ.

Bateson’s view is open to the following criticisms

:

1. The evidence from Drosophila, where many linkage

ratios are known, gives no support to the view that these

ratios fall into relatively few dichotomous schemes, such

as Bateson’s hypothesis calls for. Other forms also fail to

fit such a view. On the contrary, the ratios fall into no
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such groups as those given by Bateson. Even were it pos-

sible to suppose that in each case a different reduplica-

tion occurred a different number of generations was
passed through), still, as said above, it is not obvious

that the linkage series stands in any such numerical (i.e.,

diehotomous) relation as the view demands.

^bxaB

j

lAB

Fig. 51.—Two sohemcs illustrating the idea of reduplication by Bateson and
Punnett; the three figures to the left illustrating “coupling/’ and the three to the right
“repulsion.”

2. If reduplication occurred at an early stage in the

germ tract, we should expect to find in any organ of limited

size, as a stamen, that there would be a likelihood that it

woifid contain for the most part a particular kind of ceU.

Altenburg tested out this view with pollen of the primrose
and found no evidence in favor of a limited distribution

—

on the contrary, he found that all the linkage combinations
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were present in each stamen in the expected proportions.

These and other difficulties make it improbable that link-

age can be the result of this kind of reduplication.

Bateson and Punnett formtilated their hypothesis at

first for only two pairs of linked factors. When it was
shown that three pairs of factors could show linkage,

Bateson and Punnett assumed that all three pairs of fac-

tors might segregate at the same time (or in three suc-

cessive divisions), the observed ratios being due, as

before, to unequal division rates later. Trow has sug-

gested that in such cases the segregation and reduphea-
tion for the third pair of factors might not occur until

that for the first two pairs was completed. This view
seemed to meet certain inadequacies of the former hypoth-
esis, but meets with certain difficulties on its own account.

One of the most obvious of these objections is, as Sturte-

vant has pointed out, that tiie number of cell divisions,

necessary to produce some of the higher ratios that are

known, would produce a mass of cells thousands of times

larger than the animal itself.



CHAPTER IX

THE OEDEE OF THE GENES

The proof of the linear order of the genes is derived

directly from the linkage data. It is not dependent on the

chromosome theory of heredity. Fortunately, as was
pointed out in the last chapter, there are many facts about

the maturation stages of the eggs and sperm that fit in

extraordinarily well with the theory of the linear order

of the genes, but let me repeat, the proof of the order is

not dependent on the chromosomal situation. The evi-

dence for the linear order is furnished by linkage and its

correlative phenomenon, crossing over. By linkage is

meant that certain factors that enter the cross from each

parent remain together in subsequent generations, more
often than they separate. For example, if in Drosophila
yellow wings and white eyes have entered from one parent

and gray wings and red eyes from the other, the new
(crossover) combinations, yellow and red, gray and
white, are less numerous than are the original linked

combinations, yellow and white, gray and red. The num-
ber of individuals (crossovers) that result from this

interchange, expressed as percentage of the whole number
of individuals, is called the crossover value. Such a

percentage in^cates how often the linkage is broken.

Thus, if crossing over between yellow and white is shown
in 1 per cent, of the gametes, then 1 stands for the cross-

over value of yellow and white. Conversely, yellow and
white have remained together (linked) in 99 per cent, of

the gametes. We speak of the linkage relations in such

cases in terms of the crossover values, here 1 per cent.

For the proof of the linear order of the genes, it is only

118
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necessary to represent one set of linked genes (a, h, c, etc)

,

ignoring tke normal allelomorphic series, for these follow

the same (reciprocal) changes.

If a, 6, and c stand for three genes, and if the linkage

relations of a to b and of b to c are known, the relation

of o to c is a function of the sum of ab and bo or of the

difference of ab and bo. For example, if the crossover

value ab is expressed as 5, and that of bo as 10, then ao

is a function of the sum (15), or the difference (5) of ab

and bo. It cannot be said that ac must be 5 or 15 because

another possible process may intervene to affect the sum
or the difference, vin., double crossing over in the region

involved. By making the distance so small that double

crossing over is nractically excluded the sum or the dif-

ference is actuaUy the realized result, as the following

example illustrates

:

"When three mutant characters yellow, white and

bifid were all used together in a single experiment,^ it

was found that there were 1160 non-crossovers, 15 flies

representing single crossovers between yellow and white,

and 43 flies representing single crossovers between white

and bifid. There were no flies representing crossing over

in both regions at the same time, i.e., there were no double

crossovers. Thus the crossover value yeUow white is

1.2, and the crossover value white bifid is 3.5. The same

data give the yellow bifid crossover value of 4.7 ,
which is

precisely the sum of the two component values

:

The simplest way in which such a relation can be

thought of is that the three genes stand in a line. Suppose

a fourth linked gene, d, is added to the series. It is then

found that bd, is a function of the sum or of the differ-
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ence of b to c and c to d. Pour points arranged' in a

straight line still fulfill the relations here found. I know
of no other geometric configuration that covers all these

results—perhaps there is none. When we add more
.

and more linked genes tO' the series, and find ihe same
predictable relations continue to hold, the theory of

the linear arrangement becomes firmly established!! Per-

haps the best proof of the linear order is found in the

opportunity it gives for prediction; for, when the rela-

tion of cZ to 6 and to o is known its relation to a can be

foretold accurately.

It has been foundwhen there is a large amount of cross-

ing over between two factors used in an experiment, that

the crossover value is not the same as the value deter-

mined by adding together the crossover values of inter-

mediate points between the two factors in question. What
appears here to be a contradiction proves, when tmder-

stood, to be one of the best pieces of evidence in support

of the theory of the linear order.

A few examples will serve to illustrate the point at

issue. When a fly with yellow wings and bar eyes is mated
to a wild-type fly, the amount of crossing over in the

female between yellow and bar (as determined by back-

crossing) is 43.6 per cent., but if the crossing over between

yellow and bar is calculated by adding up the crossover

values obtained by using intermediate points (o6 -f he,

etc.) the value is about 57 per cent. The apparent incon-

sistency is at once cleared up by arranging the experiment

so that, while obtaining the data for yellow and bar,

there are also obtained data showing what is hapi>eniag in

theregion between them. It is found that a large amountof
double crossing over occurs, and, when thei correction for

this is made, the “discrepancy” disappears. If crossing

over may take place at any level, it is obvious that it might
occur at two points at the same time, and experience
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shows that such is the case, for such double crossiug over

can be detected if enough points in the series are “in-

volved” to catch all single crossovers. Now, as shown '

in Fig. 52^ whenever double crossing over takes place

between y and B, the two series that result, as marked
by their ends alone {y and B ) ,

are still y and B. The flies

will therefore be placed in such classes, which are the non-

crossover' classes. A numerical increase in this class

will decrease the calculated percentage of crossovers.

Thus double crossing over by increasing the number of

Fig. 62.—Scheme illustrating how double crossing ovor between two distinct genes, y and
F, is not recorded, when only y and B are involved.

apparent non-crossovers, decreases the observed per-

centage of crossovers. When enough points are marked

along the series to pick up all double crossovers, and

these are then referred to the proper single crossover

classes, the “piece-by-pieoe” per cent, estimate, and

the percentage obtained from the cross, are found in

complete agreement.

The amount of double crossing over in DrosopMla is so

large that the percentage of “crossing over” is rarely or
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never more than 50 per cent., although the actual num-
hers given for “distances” between two genes may be as

much as 107 based on summation of short distances. The
latter method of calculation is the accurate way of stating

the result, and whenever possible it is adhered to, i.e.,

the percentage numbers for crossing over are sum totals

based on results obtained with genes so near together that

double crossing over is practically excluded.

Another illustration where the difference between the

direct calculation between two factors (scute and forked)

and the “piece-by-piece” estimate is greater than 50, is as

follows : At one end of the series of sex-hnked genes is a

factor scute (zero) and near the other end forked. The

direct data for crossing over between them gave a cross-

over value of 48.2. Between them three other loci were

present in the same expeiiment, and crossing over between

them could also be detected. As shown in the table below,

the sum of these crossover values gave 61.1 units between

scute and forked.

The presence of the intermediate factors makes it pos-

sible to pick up most of the double crossing over that

occurred between scute and forked. When a correction

is made for these the difference between 48.2 and 61.1

entirely disappears. Another and stiU more extreme

example will help to make this more evident. Near one

end of the second chromosome is the gene for star (eyes),
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near the other end is the gene for speck. Bridges fur-

nishes the following data in regard to crossing over
between these loci. When only these distant loci are
used the crossover value is 48.7. When the sum of the

crossover values between the following seven genes is

taken as the value for star and speck it amounts to 104.4.

Star

In this case (as other experiments show) there are still

two units missing in the map distance given above (104.4)

,

because of one per cent, of double crossovers in the

region between curved and speck, that are not here
recorded, since there are here no loci within this distance

of 30.2.

Whenever cases in which double crossing over has

taken place are checked up as in the foregoing cases, it is

found that the discrepancies in the two methods are

accounted for.

It is instructive to compare the preceding case with

another one including several of the same genes, but in

addition something else (deficiency), that cuts down the

amount of crossing over in certain regions. The cross-

over value between star and speck was found to be 47.7

in this experiment. The sum of the crossover values of

the six loci involved gave 79.3 units. The difference
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between 47.7 and 79.3 is dne to double crossovers as the

data for the intermediate regions show:

79.3

24.1

14.S

3.6

7.7

20.5

47.7

There was known to be present in this ease a factor called

“deficiency” in one of the two second chromosomes
involved. It is near “daehs” and outs down the crossing

over between star and speck by about 25.8 units. It

will be noticed that while the second summation value

for star speck, viz., 79.3, and the first value, viz., 104.4, are

very different, the crossover value between star and speck

is in one case 47.7 and in the other 48.7. The meaning of

this, as shown by data for intermediate loci, is that by the

addition of 25.1 units (104.4 minus 79.3 equals 25.1) the

number of double crossovers has so greatly increased that

a difference of only about 1 per cent, of apparent crossing

over is recorded in the star speck value.

“Distance” and Linear Obdbe

The linear order of the genes implies distance between
them, for which the crossover values stand as indices. It

is obvious that if the order of the genes remained the same
but something doubled the number of crossovers between
two loci, their “distance” apart would at the same time
appear to have been doubled. Again, if crossing over is

thought of as due to twisting of the chromosomes of a pair
about each other, then if the twisting is more likely to occur

at the ends of the chromosomes, or if the twists themselves
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are shorter there, “distance'’ in. these regions is on a dif-

ferent scale from distance in the middle of the same
chromosome. Factors for crossing over have been found,
by Sturtevant, that change the values in certain parts of
the series and leave other parts unaffected. ^W^en the
influence of these special genes, that can be treated in the
same way as are all Mendelian genes, is removed, the
region that was affected gives its original crossover
values again.

It is to be understood, then, that when we substitute
the idea of distance for crossing over values the term is

not used in an absolute sense, but in a relative sense, and
that it depends always on the conditions of the experiment.
That the genes do stand at definite levels in the chromo-
somes, and that in this sense they are definitely spaced,
seems reasonable in the light of all the evidence bearing
on this point; but even if they are so spaced that crossing
over is a function of their distance from each other in the

series, any influence that determines how often inter-

change between homologous pairs will take place would
give the appearance that the actual distances themselves
have changed.



CHAPTER X

INTEEFEEENCE

One of the most significant results that a study of

crossing over has brought to light is that whole blocks

of genes go over together. Thus, if one series heAB G D
E F GH IJKLMN and its allelomorphic series be a & c

d ef ghi j Tel mn crossing over may give two blocks of

genes.

ABCDEfghijJc I m n
a h c deFGEIJKLMN

This result can best be demonstrated in cases where a
number of loci are followed at once.

The fact that crossing over takes place in blocks is

highly significant for the phenpmenon of distribution,

since it means that pairs of linked genes do not act inde-

pendently of their neighbors. This fundamental relation

was not suspected until quite recently.

The size of the blocks, when only one crossing over
occurs between the chromosome pairs, depends on the loca-

tion in the series of the breaking point. If the crossing

over occurs near the middle, the four pieces will be of the

same length as shown below

:

abcdefgHIJKLMNABGDEFGhijhlmn
If it is near the end of the series, two of the resulting

pieces will be small, the other two large. Thus

:

a h c DEFGHIJKLMB
ABC defghijlclmn

The two ‘'like” pieces in all cases contain identical series

of lod.

126
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The data also show that the series may break at two
points, and that when this happens the three blocks of one
set always correspond to the three blocks of the other
series of genes. Thus interchange at two levels gives

:

a b edEFOEij k I

A B G D e f g h 1 J K L

The same relation holds in principle for three or more
breaks in the series.

If in such a system the blocks have no commonest
length, the break in the series at one level should not
bear any relation to the place at which another break
takes place. For example, if it is true that when a brealc

occurred betweenD andE it had no influence on a bi'eak at

any other point of the series, the blocks resulting from two
breaks would not tend to be more of one length than of any
other length. But if the evidence shows that when a
brealc occurs betweenD and jB the chance of another break
occurring in that vicinity is decreased, or increased, the

results would be expected to follow some definite law or
principle, rather than be simply the result of chance. This
is in fact the case. An illustration may make this clear.

Suppose when crossing over takes place within the

blocks A R C 2?, and E F 6? and JJ A L it can be
recorded. If we know how often, when the break occurs

only once in the series, it takes place in the first, in the

second, or in the third block, we can then determine in

those cases where breaking occurs in the first block,

whether it is as likely to take place in the second block as

when no break occurs in the first, etc. Such tests have
been made (MuUer, Sturtevant, Bridges, Weinstein,

Q-owen) with Drosophila, and the same kind of results con-

sistently obtained. It has been found, for example, that

when a crossing over takes place between G and H, a sec-

ond one is less likely to take place on eitiier side, i.e.,

between F and G or betweenE and 1 than when no cross-
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mg over takes place between 0 and H. Stated in another

way, crossing over in one region protects neighboring

regions from crossing over. Moreover, this relation fol-

lows a perfectly definite law according to the ‘
‘ distances, ' ’

as determined by linkage relations of genes outside of the

region of crossing over. If we take two pairs of factors

^ closely linked together we find that the genes lying

immediately to the right and left of ~ never cross over

independently of j and f at the time that a crossover

separates ~ and f . In other words, the genes imme-

diately to the right ofH always go over with H, and those

to the left of O always go over with G, when G separates

from H.
If we consider genes that are less closely linked with

G and with H, we find that while their crossing over is

interfered with by the crossing over between G-H, it is

affected to a limited extent. G-enes still less linked with G
or withH are still less interfered with

;
until finally there

is no relation at all between crossiag over between G-H,
and other more loosely linked genes, i.e., crossing over

between G-H is found to have no relation to crossing over
between L and M. Put in another way, one may say that

crossing over at L and M is no more likely to take place

when none occurs between G-H, than when it does.

For different pairs of chromosomes the regions that

bear this relation to each other have been found to be
different. Even within the same chromosome this rela-

tion may be different at the ends and in the middle. There
are also special factors that affect special chromosomes
and special regions of chromosomes. An example will

illustrate this relation that is called interference. If in

a group of genes A B C D E F & break occurs somewhere
between A and D in 6 per cent, of cases, and if between
M and T in the same series (MN 0 P Q B 8 T), in 10 per
cent, of cases, a double break involving both regions simul-

taneously should, if the breaks occurred independently of
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each other, take place in 0.6 per cent, of the eases. But
if the regions in question are close together, that is, if the

intervening block OFH J K L) of genes is short, it

is found that there are fewer double crossovers than the

0.6 per cent, expected on a purely random basis. This

was shown by Sturtevant in his paper on chromosome
maps. It means that a break in one region interferes

with a break in the other region when the intervening

block is short.

The ratio of the number* of actual double breaks

obtained to the number of double breaks that would occur

if one of them did not interfere with the other is termed
coincidence. If in the above example only 0.3 per cent,

of the cases were double crossovers involving the regions

A B GD E F andMNOPQBST the coincidence would
be 0.3 per cent, divided by 0.6 per cent., or 0.5.

It has been found that as the distance between two

regions increases, crossing over in one of them interferes

less and less with crossing over in the other; that is, the

number of double crossovers obtained approaches the

number expected on a random basis, and coincidence rises

gradually to the value of 1. This phenomenon is shown
in all the cases where more than one block of genes has

been followed. It is especially clear in the work of Muller,

who studied a large number of factors in the sex-chromo-

some of Drosophila simultaneously.

When the intervening block becomes sufficiently long

so that the coincidence attains the value of 1, interference

has entirely disappeared. When, however, the distance is

increased still further interference reappears, i.e., coin-

cidence decreases again. There was a suggestion of this

in Muller’s work; and the work of Weinstein undertaken

to get critical evidence on this point indicates clearly that

such a decrease exists. For the second chromosome a

jaiTnilnr rise and fall with increase of distance is indicated

by Bridges’ data.

9
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The fact that interference reappears, i.e., that coinci-

dence decreases after reaching a maximum, indicates that

the segment of a chromosome between the breaking points

tends to be of a particular (modal) length
;
and that breaks

whidi are closer together or farther apart than this modal
length are less frequent. That is, genes not only stick

together in blocks, but the blocks tend to be of a definite

size, and longer and shorter blocks are less frequent.

In the sex-chromosome of Drosophila, which is 65 units

long, Weinstein’s data indicate that the most frequent

length of block is about 46. In the second chromosome
(which is 107 units long). Bridges’ data indicate a modal
length of about 15 in the centre of the chromosome and
of about 30 on either side of the. middle point.

The work on coincidence throws light on the behavior
of the chromosomes during crossing over. The cytologi-

eal evidence has not deternuned whether when crossing

over takes place the chromosomes are twisted loosely or

tightly. But Muller has shown that this question may be
attackedby certain calculations based on the data of inter-

ference. If, as a rule, chromosomes twist in long loops,

crossing over at two points close together would be rare,

for it would require a shorter twist than usually occurs.

The occurrence of long loops would explain the interfer-

ence of neighboring regions. Moreover the decrease of

interference as distance increases would be accounted for,

because short loops would be less frequent than longer

ones. The reappearance of interference for widely separ-

ated regions is explained by supposing that extremely
long loops are infrequent as are very short ones. That is,

on the supposition of long twists there would be a modal
length of loop, and loops of greater or lesser length would
be less frequent.

If, however, the chromosomes are tightly twisted into

short loops, the interference of neighboring regions might
be explained on the supposition that a break at one point

allows the chromosomes partly to unravel in the neighbor-
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hood of the break, and that this loosens the twisting and
prevents another break near by. In regions farther away
from the break, the threads would not be so mnoh unrav-
elled, so that the greater the distance from the first point

of breaking the more would a second break be likely to

occur. That is, interference should grow less at greater

distances. But the reappearance of interference at still

greater distances seems incompatible with this scheme;
thus the actual data favor the first view of crossing over,

in which the break occurs during a stage of loose twisting.

At any rate, as Weinstein has pointed out, the variation

of coincidence with distance must be dependent on other

conditions than the mere tension due to the twisting of the

chromosomes, and any view which refers the breakage of

the threads to the tension of tight twisting must be

rejected or supplemented.

Castle has recently suggested that the difference

between the values for a long “distance” and summation
of short “distances” is due to the loci not lying in a

straight line but “out of line.” He suggested that when
short steps are taken as the basis for map distance

they represent the “long way round,” as, for instance, in

passing from one end of a F to the other end, keeping on

the line; while when a direct cross is made, ^ving a

shorter “distance,” this is a measure of the direct or

air-line between the two ends of the F. Such a theory is

not in harmony with the following facts. The best data

data sufficient in amount and free from crossover

variations) show that Castle’s three dimensional figures

reduce to a curved line in a plane. In such a curved line

the most distant points are nearer to each other in an “ air-

line” than along the line. Such a graphic representation

of the data is possible, but leads to certain inconsistencies.

If Castle’s procedure is followed it leads to the placing

of the same locus in two or more different places on the

basis of adequate and comparable data for both positions.

The two cases that Castle says furnish the crucial evi-
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denoe for his view demonstrate just the opposite, when
oomplioations due to crossover variations are excluded,

hy using only data in which three ormore loci are recorded
simultaneously. In his attempt to explain the all-import-

ant fact of rarity of double crossovers, Castle is obliged

to assume that there is a difference in frequency of cross-

ing over in different planes (directions). This assump-
tion can be shown to be inconsistent with the primary
assumption that he accepts, viz., that crossing over is

proportional to the distance between genes.



CHAPTER XI

LIMITATION OF THE LINKAG-E HEOUPS

It may be questioned whether we are at present justi-

fied in speaking of the limitation of the linkage groups

to the number of chromosome pairs as one of the funda-

mental principles of heredity, since the only species in

which a correspondence that is numerically significant

between the two has been proved' is Drosophila melano-

gaster. But despite the absence of other positive evi-

dence, the fact that in no other animal or plant does the

number of linkage groups exceed the niutmber of the

chromosome pairs, may be, I think, legitimately inter-

preted in favor of the view.

It may also be argued, that if the phenomena of linkage

are assumed to be due to the genes being carried by the

chromosomes,it follows that there could beno moregroups
of linked genes than there are chromosome pairs; hence

one relation is the direct outcome of the other. But the

proof of the linear order that has been developed here

rests directly on the linkage data, and is independent of

any assumption concerning the chromosomes. It has been

shown, secondarily so to speak, that the chromosomes ful-

fill all the requirements of the abstract reasoning from

the data, and therefore give a mechanism capable of per-

forming all that the theory demands. The demonstration,

then, that in Drosophila the linkage groups correspond

in number to the chromosome pairs may be taken as a con-

clusion or a discovery independent of the other relations

furnished by linkage. If then, as I anticipate will be the

case, further work in other groups should show that the

same relation holds everywhere, we should be fully war-

ranted in stating the result as one of the general prin-

ciples of heredity.
133
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In Drosophila melamogaster the evidence is now very
strong ia favor of the identity in nuroher of linkage groups
and chromosome-pairs. As the new characters coming up,

one after the other, have continued to fall into the four
known groups, and as something like 200 characters have
been so placed, and as none of them has failed to show link-

age with one of the four established series, the probability

is enormously in favor of a causal relation between the two
events, especially in the light of the evidence from other

sources that the chromosomes are the bearers of the

hereditary factors—evidence from the sex-chromosomes,
for example.

The only other species in which the heredity of known
mutant characters approaches that of the chromosome
group is the garden pea in which about 35 mutant factors

have been studied. From the summary of what has
been so far recorded, as well as from the results of his

own work. White has recently given an account of what
is fairly well established. Of the 35 mutant factors

in this pea, seven independently inherited groups have
been recorded, i.e., each one of seven factors has been
tested out and found to assort independently of the other

six. There are seven pairs of chromosomes in the edible

pea (Fig. 53, a). The agreement between the two is to

date perfect. It is, of course, possible that the linkage

between some of the factors tested was so loose that they

ajopeared to give free assortment, and that until more fac-

tors have been studied the evidence is not above sus-

picion. Nevertheless, it is important to find that the

number of independent mutant factors in Pisum sativum
does not exceed the number of chromosome pairs.

White’s study of the linkage of factors in the edible

peas shows further that there are four linkage groups

—

three of them include factors that are also included in

those that freely assort. It is fair, perhaps, to conclude

that four of the possible seven-linked groups have been
found. There are no other forms known in which the
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number of linkage groups approaches so near the number
of the chromosome pairs. In the snapdragon, Baur has
described two linked groups. He states that there are 16
pairs of chromosomes. In wheat one linked group has
been described. There are 8 pairs of chromosomes (Pig.

53, 6). In Indian com there appear to be a few linkage

groups, and probably 10 pairs of chromosomes. In oats.

Surface finds two linked genes. In Primula there is one
group composed of several linked genes, and 12 pairs of

chromosomes (Pig. 53, c).

In the silkworm moth one linked group of genes has
been found by Tanaka, and Yatsu records (Fig. 55) 20

pairs of chromosomes. In Drosophila virilis three linked

groups of genes have been found by Metz, who has also

a c
Fia, 63.—ChromoBome group of pea, a,, wheat, b, and primula, c.

described six pairs of chromosomes for this fly. In Droso-
phila huscJcii there is one group of linked genes and four

pairs of chromosomes. In D. repleta one group, and six

pairs of chromosomes. The groups of chromosomes in

some of the different species of Drosophila, as described

by Metz, are shown in Pig. 54. As indicated by the

arrangement of the figures (that correspond fairly closely

with the actual arrangement of the chromosome in the

cells themselves) it appears that one pair of chromosomes
in one species is at times represented by two pairs in

related species, and this view is borne out by the attach-

ment of the spindle fibre to the middle of the chromosomes
in the bent pairs, but to the inner ends of the two that

supposedly correspond to its halves in other species.

In the mouse one group of linked genes has been

reported. There are 20 pairs of chromosomes (Pig. 55, 6 )

.

In man no linked genes are known, if we do not count sex-
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liued genes, wMch must, lowever, if carried by the sex-

chromosomes, be linked to each other. The number of

chromosome pairs in man is, according to Ghiyer, 12 (Fig.

55, c), but ‘Wine-warter describes 24 pairs (Fig. 55, d).

The difference would seem to be due to technic, rather

than to differences in different races of men.
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Fia. 54.
—

^Types of ohromOBOijae groups found in Drosophila, A-H female groups;
I-L female and male groups. In A, C, P, I, J, K, and L, the X-ohromosome can be identi-
fied, because, in the male (Alex. Metz), the Y-chromosome has a different shape from the X.

It should be emphasized that it is to be expected for
new types that the number of characters that may seem
to give independent assortment wiU be found at first

greater than the number of chromosomes, because wher-
ever two genes in the same chromosome are far apart they
will appear to assort independently until the Recovery
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of intermediate genes shows their true relation. This will

be especially the case when crossing over occurs in both

sexes
;
when it occurs only in one sex, the linkage relations

are more quickly determined. Moreover, in some cases

where several genes are known the mutant characters

have not yet been tested out against each other but against

different ones. Such information does not furnish the

data that are needed.

Fifl. 55.—Haploid group of chromosomas of tho ailkworm moth (Yatsu) o. Haploid
group of uhromOBomoB of mouBo (Yooom) b. Haploid group of ohromoBomes of man
(Guyer), c and (von Winnowarter) d.

There are several forms in which there are two or

more chromosomes that come together in a group at the

time of segregation and move collectively to one pole.

Such groups should be expected to count as a single chro-

mosome so far as segregation is concerned, although the

crossing over relations may turn out to be something

different from anything as yet known.
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An extension of the principle of agreement of linkage

groups and chromosomes (if they are thought of only as

a linear order of genes) is found in the case of “duplica-

tion” described hy Bridges, where a short series of linked

genes appears to lie at one end of the regular series, dupli-

cating their number for this region of the chromosome.

Obviously this is not to be looked upon so much as an
exception to the principle but rather as a special case due

to an accidental change in the mechanism. The number
of linkage groups is not changed, but one of them has

its genes duplicated for a short part of its length.



CHAPTER XII

VARIATION IN LINKAGE

Crossing over is not absolutely fixed in amount, but
is variable. This statement does not refer to variability

in the number of crossovers due to random sampling,
but to variability due to fluctuation in environmental
conditions, or due to internal changes in the mechanism of

crossing over itself. For example, it has been shown
that the amount of crossing over in Drosophila is different

at different temperatures, and it has also been shown that
there are factors (genes) carried by the chromosomes
themselves that affect the amount of crossing over. These
questions, that have already been touched upon in other

connections, may be taken up here in more detail.

The work of Plough on the influence of temperature
on crossing over in Drosophila, that has already been
utilized, was concerned with the influence of different tem-

peratures on the number of crossovers obtained. It may
be recalled that he found that when the eggs were sub-

jected to a given temperature during a certain stage in

their maturation the amount of crossing over that took

place, as shown in the kinds of flies produced, was definite

in the sense that the average results were predictable for

each specific temperature, and that there are values for

different temperatures which, when plotted, give the curve

drawn in Fig. 56.

Further details of one of the experiments may serve

to rnake its significance oleEirer. Three points (or loci)

werd made use of that involved three mutant genes (and
their diagnostic characters, of course). Males, pure for

the three mutant characters, black body color, purple eyes,

139
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and curved wings were crossed to wild-type females. The
Fi female produced in this way would be heterozy-

gous for the three mutant factors involved in the cross.

Such an Fi female was then ll>red to a male pure for the

three recessive genes, black, purple, curved
j
and her

ofEspring were kept at a given temperature until they

emerged as flies, and then if necessary for some days

longer in order that as many eggs as possible might have

matured under the specified temperature. Controls of

sisters and brothers were made in each case and kept at

average “normal” temperature. In the table that fol-

lows crossing over between black and purple is indicated

as “1st crossover,” and between purple and curved as

“2nd crossover,” and between both as double crossover.

Ten different temperatures were tested. At 5° 0. the

eggs did not hatch, and at 35° C. the females were sterile.

In the seven intermediate temperatures the results were

those recorded in the next table.

b — pr —

Num-
ber

Temp. Total

Female parents hatched at temperature indicated below Weighted
Value for
b—pr
Region

Non-
cross-
over

1st
cross-
over

2nd
cross-
over

Double
cross-
over

ISt
cross-
over

2nd
cross-'

over

per ctnt per cent

2 9® 995 643 95 218 39 25.8
3 IS’’ 2,972 1,854 310 716 92 @9 27.2 17.5

4 17.5° 2,021 189 610 50 8.3 23.0 8.2

5 22° 11,318 735 2,775 172 6.0 19.6 6,0
7 29° 4,269 2,993 315 898 63 8.8 22.5 8.7

S 31° 3,547 2,265 333 785 164 14.0 26.7 18.2
9 32°

i

4,376 2,701 613 984 178 15.7 26.5 15.4

At the two lower temperatures the crossover value is

high, i.e., little crossing over occurs. At the next three

temperatures (17.5°, 22°, 29° C.) the crossing over value

is much less, while at the last two temperatures 29° and
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31° 0., it is MglL again. The control values for sister

flies, at normal temperature (22° 0.), are given in the

next table.

Controls—^female parents hatched at as** C.

I8t
cross-
over

and
cross-
over

Total
Non-
cross-
over

1st
cross-
over

and
cross-
over

Double
cross-
over

i>er cent

6.1

percent

19.2 904 683 47 166 8
7.8 20.1 3,622 2,656 231 685 61
5.9 19,5 2,219 1,678 108 400 24

‘io 2b;3 4,822 3,608 231 '927 66

The figures given in this table were obtained as a con-

trol for the last results, and from these data the results

of crossing over are reduced to the same scale. These
weighted crossing-over values for the first regions give

the curve drawn in Fig. 56. The curve begins at a high

level and drops rapidly. The first maximum is reached at

about 13° C., and then falls to 17.5° 0., where the level

remains nearly constant for ten degrees more (27° 0.).

It rises rapidly at about 28° and reaches a second maxi-

mum at 31° to 32° C. Afterwards it is seen to fall until

sterility occurs at 35° C.

The temperature curve of crossing over seems to show
that the phenomenon is not a simple chemical reaction,

for if it were we should expect for every rise in 10° C. the

amount of change in crossing over to be approximately

tripled. It would appear, therefore, that the phenomena
might be due to the physical state of the mateinals involved

in crossing over. Plough calls attention to the similarity

of this curve to that shown by the amount of contraction

of a frog’s muscle. Here there is an increase from zero

to 9° C., when a maximum is reached. After this, the

amount of contraction decreases, reaching a low point
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between 10° C. and 20“C. It then rises rapidly, reaching

a higher maximum than the first at about 28° C., after

which it decreases until rigor sets in at 38° C.

The results of crossing over between purple and curved

gave similar results, but the “distance” here is so great

that double crossing over complicates the results; there-

fore they need not, for the present, be analyzed further.

Attempts to change the crossing over value by starvation,

moisture, increase in fermentation of the food, iron salts,

etc., gave no results that seemed significant. On the other

Fia. 56.—Curve showing influence of crossing over at different temperatures. (After Plough.)

hand. Bridges had already noted that a decrease in the

amount of crossing over is found in second broods as

compared with first broods—^ten-day periods. Wliat

change in the environment is behind this “age” dif-

ference is not clear, but since most of the eggs pass

through this early prematuration stage in the larvae

and some of them may reach the maturation stage

in the pupa, it is possible that prevailing conditions in

one or the other of these physiological states may be

responsible for the difference between these states and
' those that prevail after the fly has hatched.
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Not only external factors but internal factors, and
these genetic ones, may influence the amount of crossing
over that takes place. Sturtevant has discovered two such
genes in the second chromosome of a certain stock of

Drosophila. A female from a wild stock from Nova
Scotia was crossed to a male showing the characters ves-
tigial and speck. One of the daughters was tested and
gave no crossovers in 99 offspring, though the vestigial,

speck hybrid usually gives about 37 per cent, of crossing
over. All of the descendants of this female that were

Pig. 67,—Diagram illustrating the effect on crossing over due to the presence of crossover
genes. (After Sturtevant.)

known, through linkage relations, to have the Nova Scotia

second chromosome, gave the same result, while those of

her descendants that did not have the particular chromo-
some did not show such a change in linkage. These rela-

tions held regardless of whether the chromosome involved

had come from the father or the mother.

A number of experiments were made with females hav-

ing a Nova Scotia second chromosome, while the other

second chromosome bore the mutant genes for black, pur-

ple, curved, and in other experiments other mutant genes

were present. In Pig. 57 (upper line) all the genes stud-

ied, vis., star {8), black (b), purple (pr), vestigial {vg),
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curved (c), and speck are. indicated in their relative

locations, Le., spaced in proportion to the usual amount
of crossing over between them. Correspondingly, the

short second line is based on the crossover relations of

these factors when the female is heterozygous for the two
Nova Scotia genes.

Further experiments were made with females

(obtained by crossing over) in which only the “left half"

of a Nova Scotia chromosome was present (third line),

the other half being derived from an ordinary chromo-.

some. The ojEfspring of such a female showed that cross-

ing over was decreased only in the left half.

When the right half of the Nova. Scotia chromosome
was present (fourth line) that half was “shortened." It

follows that there are two (or possibly more) factors

present, one in each half of the second chromosoine of the

Nova Scotia stock, each inhibiting almost completely

crossingover in its own region^ but not in the other region.

An equally surprising result was obtained from a

female so. constituted that the right halves of both mem-
bers of this pair of second chromosomes were present, ie.,

when she was homozygous for the “right hand" pair of

factors for little crossing over. Under these circum-

stances, the crossing over was normal for this end (last

two lines). How such results are produced (quite aside

from the nature of the factor producing them) is unknown.
Almost inevitably, however, we think of the cause as a
difference in the length or shape of the chromosome con-

taining these factors, so that corresponding levels do not

come together, hence failure of interchange. When, how-
ever, both chromosomes are affected in the same way their

corresponding regions might be expected to come to-

gether and cross over.

The preceding • results of Sturtevant’s suggest the

possibility that all genes may have an effect on crossing

over—^possibly one might think that in some mysterious

way the crossing-over values shown by the genes are a
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function of their nature. It may he well to point out that
in the only oases where the evidence suffices to give an
answer to such, a question, that answer is very clearly

against such a view. For instance, if we determine the

liokage between two factors A-M and then exchange one
of the intermediate genes for its allelomorph, we find that

in general the change has no effect on crossing over
between A and M. If we exchange factors outside of
A andM—either near them or far away—still no effect on
crossing over between A and M is observed. If we sub-

stitute one allelomorph for another, in cases where more
than two are known, we find no change in the crossing

over for that level. This and other evidence shows that

crossing over is quite independent of such genes, never-

theless there are other specific genes, as shown above,

whose sole effect, or main effect at least, is to change the

crossing-over values.

One highly important and significant result of Sturte-

vant’s work on crossing-over factors, should be noticed.

The order of the factors is not in any way changed by
the “shortening” process, as shown by the experiments
in which three or more loci are followed at the same time.

The most remarkable fact connected with crossing
over is that no crossing over at all takes place in the
male of Drosophila, and this applies not only to sex-

chromosomes (XY) but also to the other pairs or auto-

somes. When the absence of crossing over was discovered
for sex-linked genes, it seemed probable that this was due
to the presence of only one Z-ehromosome in the male, for
at this time Steven’s work had led us to conclude that the
male Drosophila, like some other insects, is XO. Later,
when failure to cross over in the male was found in other
chromosomes as weU, it was evident that some more gen-
eral relation was behind the phenomenon in these chromo-
somes at least. It is true that other genetic evidence
has shown that the J-chromosome is “empty” (i.e., con-
tains no genes dominant to any of the mutant genes as yet

10
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discovered) and on tMs account one might stiU ascribe

failure to cross over in this pair to its peculiar condition.

The interest in the situation became even greater when
it was found that in the silkworm motli (in which the sex

formula is reversed, so to speak) crossing over is again

absent in the sex that is heterozygous for the sex fac-

tors—^here the female. The female moth is apparently

ZW, at least in two cases.

In one of the flowering plants, Primula sinensis, cross-

ing over occurs in both sexes (Gregory, Altenburg), but
the amount of crossing over in the pollen is somewhat dif-

ferent from that in the ovules. Gowen has examined
Altenburg ’s data statistically and finds that the differ-

ence is probably significant.

That crossing over should take place in the sex that is

homozygous for the sex-chromosomes (the female in

Drosophila, the male in the silkworms) but in both sexual

elements in the hermaphrodite plant {Primula) may
appear to have a deeper significance, but moi’e recent dis-

coveries seem to deprive the results of any such meaning.
Castle, for instance, gives data that show crossing over

in the male rat (the male is probably heterozygous for

thesex-chromosome), and Nabours gives data for crossing

over in the male and female grouse locust, Apotettix

(in which the male is presumably heterozygous). Until

more eases are forthcoming it must seem doubtful, there-

fore, if any such relation as that mentioned above is a

general one.
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VAEIATION IN THE NUMBEE OF THE OHEOMO-
SOMES AND ITS EELATION TO THE TOTAL-

ITY OF THE GENES

The theory that the chromosomes are made up of inde-

pendent self-perpetuating elements or genes that compose
the entire hereditary complex of the race, and the impli-

cation contained in the theory that similar species have an
immense number of genes in common, makes the numeri-

cal relation of the chromosomes in such species of un-

usual interest. This subject is one that could best be

studied by intercrossing similar species with different

numbers of chromosomes, but since this would yield sig-

nificant results only in groups where the contents of the

chromosomes involved were sufficiently known to follow

their histories, and since as yet no such hybridizations

have been made, we can only fall back on the cytological

possibilities involved, and on the suggestive results that

cytologists have already obtained along these lines,

A good deal of attention has been paid in recent years

to the not uncommon fact that one species may have

twice as many chromosomes as a closely related one. So

frequent is this occurrence that it seems scarcely possible

that it is due to chance. The implication is that the num-

ber of the original chromosomes has either become

doubled, or else halved. If the number is simply doubled

there would be at first four of each kind of chromosome

from the point of view of genetic contents. This is what

I understand by tetraploidy. There is some direct evi-

dence that doubling may occur. If a new race or species

is ever established in this way, we should anticipate that

in the course of time changes might occur in the four iden-

tical chromosome groups so that they would come to differ

147
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and form two different sets.^ Theoretically, the mimher
of different genes in a species might in this way be in-

creased. If changes in the same gene in the same direction

sometimes occur, as the evidence iadicates that they do,

then identical new mutant genes, derived from the same
kind of original ones, might later arise in different pairs.

There is, however, another way in which the number
of chromosomes may be doubled without doubling the

number of genes. If the chromosomes break in two,

double the number wiQ be produced. It is not easy to

explain how this could occur in aU of the chromosomes at

the same time if the process is supposed to be accidental.

If it be supposed that the break first occurred accidentally

in one member of the pair, it is not clear why such a

broken chromosome could establish itself on the theory

of chance, for the intermediate condition of one broken
and one intact chromosome would seem of no apparent
advantage. The same reasoning applies to the converse

process, viz., the coming together of chromosomes end
to end which would reduce the number by half. Such a
process would not increase the number of genes in

the total complex. Until we know more about the

physical or chemical forces that hold the genes in chains,

and more about the way new genes arise, it is not worth
while to speculate about the causes or probabilities

of such occurrences.

What has just been said in regard to doubling and
halving of the whole set of chromosomes applies also to

doubling in one pair of chromosomes. If doubling

occurred in one pair of a ten-chromosome type, a twelve-

chromosome type would result
;
ifm two pairs, a fourteen-

chromosome type, etc. Unless tetraploidy is the simpler

procedure we should a priori suppose that iacreasing (or

decreasing) in pairs would, on the theory of chance alone,

* The question as to whether the four chromosomes involved would, or
would not mate at random introduces a difficulty (as shown in the
primula case).
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the simplest one since .such suppressed division has been

seen and can be induced in animal eggs, is that the follow-

ing division might be expected to be into four parts owing
to the doubling of the centres.

Gregory has described two tetraploid races of Primula
sinensis,^ one of which arose from ordinary plants in the

course of his experiments. Since known genetic factors

were present an opportunity was given to examine into the

relation between the members of the four chromosomes
of a set. The possibilities involved are these : Assuming
the parents to be AA', and aa', and that conjugation of

chromosomes takes place in twos only, then if any one

of the four (AA' aa') chromosomes of a set may mate with

any other member, there wiU be six possible unions, vis.,

AA', Aa, Aa', A'a, A’a', aa'. If the two derived from
the same parents were tiie only ones that can mate, only

two combinations are possible, AA', aa', and if the two
derived from the opposite parents were the only ones that

mate only two (but different ones) could form, viz., Aa,
A'a', The genetic expectation is somewhat different

for each of the three cases, since the number of different

kinds of gametes produced is different in each. The data

obtained by Gregory are not sufficient to give convincing

evidence in favor of any one of these possibilities, although

as Muller has shown by an analysis of the evidence, they

are more in favor of the first possibility, viz., that of ran-

dom assortment. Gregory, without committing himself to

the chromosome view, follows the second possibility in his

analysis of the case. There is, however, nothing in the

chromosome theory that would support the view that

restricts the conjugation of homologous chromosomes
according to their parental origins.

There are two other species of primose. Primula flori-

btmda and P. verticillata, each with 18 chromosomes that

have, after crossing, produced tetraploid types. In a

* Other giant races of P. sinensis examined by Keeble and by Gregory
are diploid.
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cross between these two, a hybrid called P. kewensis was
produced, which Digby has shown has also 18 chromo-
somes. It produced oidy thrum flowers, and was therefore

sterile. Five years later, after this plant had been multi-

plied by cuttings, one pin flower appeared which was pol-

linated by a thrum flower. It gave rise to the fertile race

of P. kewensis, that had 36 chromosomes. What connec-

tion there may have been between the hybridization and
the subsequent doubling, if there is any connection, is by
no means clear. It may be noted that in the reciprocal

cross between P. verticillata and P. floribunda, a hybrid,

P. kewensis, with 36 chromosomes also appeared.

The most interesting results on tetraploidy are those

of Elie and Emile Marchal on certain mosses, for they

have been able to produce tetraploid types experimentally.

It may be recalled that in mosses there is an alternation

of generations. The diploid (2F) generation is known
as the sporophyte (Pig. 59) that develops out of and

remains attached to the other haploid generation, the

gametophyte or moss plant (IF). The sporophyte pro-

duces a large number of spores, each containing the half

number of chromosomes (IF) as a result of reduction that

has taken place in their formation, and from each spore

a young moss plant develops, beginning as a protonema of

loose threads. When the moss plant produces its heads or

flowers the sexual organs appear—archegonia ( 5 ) and

antheridia {S). Thus the “sexes” are here represented

by the haploid generation.

The egg-cell, contained in the archegonium, is ferti-

lized by a sperm-cell, the antherozooid. The fertilized

ogg-cell (2F) develops in situ into the straight stalk

imbedded at its lower end in the tissue of the moss plant,

expanding at its upper end into the cup containing the

spores. The mother-cells of the spores—^like the tissue of

the sporophyte itself—contain the 2F number of chromo-

somes, which, by two divisions (similar to these already

described for the animal cells during reduction), reduces
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the number to IJV*. It is at this time, too, in mo'Bses with
separate sexes, that sex differentiation takes place, for as
the MarchaJs have shown, each spore gives rise to a male

XyiZTD Sporophytfi

® 1/(71 ) ®xm)

or to a female thread that produces arohegouia or else
antheridia regardless of the condition under which the
young plants are reared. Allen has recently shown in
related plants—&e liverworts—that during the reduction
division (that gives rise to the spores) an unpaired sex-



VAEIATION OF CHIROMOSOMBS 153

ckromosome is present that goes to half only of the spores.

Presumably then in liverworts, and mosses, also, there

is an internal mechanism for producing the two “sexes.”

The Marchals have worked both with species having
separate sexes and with hermaphrodites. We may con-

9xyno

Fia. (10. Fig. 6L

Fig. 60.—Diagram illustrating the formation of iBn individuals from the regeneration of

the Bporophyto in a dioeoious species. (Aooording to Marshal.)

Fig. 61.—Diagram illustrating the formation of Sn individuals from the regeneration of
the Bporophyto in a nermaphroditio species. (Aooording to Marohal.)

sider the former first. If the sporophyte is removed and
cut across, its cells regenerate a tangle of threads (pro-

touema)
,
which is the beginning of a new moss plant (Fig.

60). Since the sporophyte had the double number (2^)
of chromosomes, it is to be expected that the young moss
plant that regenerates from its tissue (sporophyte) will

also have the double number, and such proves to be the
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case. The new moss-plant is therefore 2N (or diploid)

instead of being IN^ as in the normal mode of propaga-
tion. Since no reduction has taken place into male- and
female-producing individuals, it would seem possible that

such a plant might produce either or both sexes. Such
is the case, for when the 2N moss plant produces its

“flowers” some contain archegonia, others spermato-

gonia (with their contained germ-cells) and other flowers

contain both. The hermaphroditism here produced would
seem to be the sum of both the contrasted elements. The
expectation from such a 2jSF plant would be that its germ-
cells {2N) wouldproduce a 4F sporophyte—^unfortunately

the plants proved sterile. Imperfect germ-cells were
present incapable of fertilizing or of being fertilized,

so that it was not possible to perpetuate the 2N plant by
sexual reproduction.

The results with the 2N plants derived from the regen-

erating sporophyte of the hermaphroditic species (Pig.

61) is different in one important respect. When, as

before, a diploid {2N) plant is obtained by regeneration

from the sporoph;^6 it produces hermaphroditic flowers,

i.e., flowers containing both oogonia and spermatogonia,

and these are fertile. The sporophyte that they produce

is tetraploid (4Y), due to the union of a diploid anther-

ozooid with diploid egg. Regeneration from the tetraploid

sporophyte (4Y) should produce fertile gametes, which

might give rise by their union to an octoploid sporophyte

(8Y) . So far the Marechals have not been able to produce
such plants, for although in a few oases the 4Y sporophyte
regenerated it failed to produce flowers.

The difference then between the results from mosses
with separate sexes and mosses that are hermaphrodite is

that the 2^" plant of a race with separate sexes does not
form normal gametes, while a 2N plant of hermaphroditic

races forms fertile gametes. It may appear more or less

plausible that the failure of the former is due to failure

in the reduction of the spores into two alternative types,
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while in the latter case, since there are presumably no
such types found, there is no conflict. Some other dif-

ference would have to be appealed to to explain why the

octoploid forms fail to develop.

A triploid condition (3^7') has been found to occur in

certain types of the evening primrose (Stomps, Lutz,

Oates) . be Vries has found in crosses in which Lamarck-
imia was the mother and some other species (murieata,

cruciata, etc.), the father, that triploid types appear three

times in 1000 cases. He interprets the results to mean
that three in 1000 times the egg-cell of Lamarchiana has

the double number of chromosomes (14), which being fer-

tilized by a normal pollen grain with seven chromosomes,
gives the triploid number, viz., twenty-one chromosomes.
The same result would be reached if a diploid pollen grain

fertilized a normal egg. That such pollen grains appear
is as probable a priori as that diploid eggs occur. It

may be recalled that one explanation of the tetraploid

evening primrose (gigas) is that it arises from a 2N pollen

grain meeting a 2N egg-cell. How reduction takes place

in the triploid oenotheras is uncertain, since the accounts

of the process are different. Geerts states that, as a rule,

only seven chromosomes conjugate (7 -f- 7), while the

remaining seven chromosomes are irregularly distrib-

uted in the dividing germ-cells. On the other hand, Gates

finds in a 21-chromosome type that the chromosomes
separate into groups of 10 and 11, or occasionally into

9 and 12. The former account fits in better with results

of the same kind obtained by others, and is more easily

understood from a general point of view, because seven

homologous pairs would correspond to the normal conju-

gation, while the seven chromosomes left over would have

no mates and fail to divide at the reduction division, hence

their erratic distribution.

It has also been shown in CEnothera that there are

three 15-chromosome typos. If the 15th chromosome is
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sometimes one, sometimes another chromosome, there may
be genetically several types, but as yet evidence on this

point is lacking.

Irregularities in the germ-ceUs of (Enothera have been

observed by Q-ates of such a kind that one cell gets 6, the

Fiq. 62.—Somatic cliromosomes groups of (Enotli&ra acintillaris, showing variable numbora
of chromosomes. (After Hance.)

other 8 chromosomes. A pollen grain with 8 chromo-
somes fertilizing an egg with 7 would give a 15-chromo-

some type. "When such a 15-chromosome plant forms its

egg-cells the supernumerary chromosome having no mate
may go to either pole of the spindle, hence eggs of two
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sorts would result, viz., 7- and S-cbxomosome cells.® Sucih
a plant if crossed to a normal plant should give half nor-
mal (14), half 15-chromosonie types. Such plants have
been shown, in fact, to he produced (Lutz). Other com-
binations that would give 22, 23, 27, 29 chromosomes have
been reported.

A variation in the number of the chromosomes of a
somewhat dilferent kind has been described by Hance for
(Enothera scintUlans, one of the 15-chromosonae types of

0. Lamarckiana. No variation in number was found in
the germ-tract of the same individuals that consistently

gave two types of pollen grains, one with 7 and the other
with 8 chromosomes. The number of chromosomes in the
somatic cells was found to vary from 15 to 21. Some of

the groups are shown in Fig. 62. When the 15 chromo-
somes of the type-group are measured, it is found that
they can be arranged in respect to length in 7 pairs, with
one odd one (marked a in the figures). There is also

found a constant length difference between the pairs. In
those cases where there are more than 15 chromosomes in

a cell, measurements show that the pieces can be assigned
to particular chromosomes. When this is done, Fig. 63, the
lengths of the chromosomes come out as in the typical

cells. There can be no doubt that the extra chromosomes
in these cases represent pieces that have broken off from
typical chromosomes. This process of fragmentation
does not destroy the “individuality of the chromosomes”
since the increase in this way of the number of chromo-
somes would not lead to any immediate change in the

number of the genes. The peculiarity of the mutant 0.

sdntillans is not connectedwith the increase in the number
of its chromosome bodies, but rather to the presence of a
15th chromosome.

Bridges has called attention to a peculiar case iu

Drosophila (1917) in which an individual behaves as

“ No pollen is produced by most of tihe lata plants.
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though a piece of the Y-ohromosome (recognizable from

its genes that normally lie in the middle of the chromo-

some) had become attached to one end of the other X-chro-

mosome. Owing to this piece (including the region that

contains the normal allelomorphs of vermilion and sable)

the individuals giveunexpected results in relation to domi-

nance or reeessiveness of certain factors. For example,

Fig. 03.—Scheme showing the probable relation between the extra chromosome pieces of

Fig. 62, and the normal 15 chromosomes of this mutant. (After Hanse.)

a male that contains the recessive genes for vermilion and
for sable, normally located, and having attached to this

chromosome the duplicated piece (containing the normal
allelomorphs of vermilion and sable) is in appearance a

wild-type fly, instead of being vermilion sable as it would
otherwise he without the piece. On the other hand, a

female having one such chromosome and a normal ver-

milion sable chromosome is in appearance not wild typo
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(as might Jiave been expected), but shows vermilion and
sable, because in this case the two recessive genes for

vermilion and for sable dominate the single normal allelo-

morphs. But a female having two such duplicated chro-

mosomes tetraploid for the genes of certain regions

of the sex-chromosome) is now wild type in appearance,

because the two dominants dominate the two recessives.

Such a female crossed to a vermilion sable male gives wild-

type sons and vermilion sable daughters, which is criss-

cross inheritance in an opposite sense from that ordinariiy

met with in DrosophUa.
A second instance discovered by Bridges, but not yet

reported, seems best explained on the assumption that a

piece taken from the second chromosome has become
attached to the middle of the third chromosome. This

condition makes possible the linkage of mutant characters

to genes in both the second and the third chromosome at

the same time. The second chromosome that lost a piece,

and the third chromosome that gained the piece (both were
of course in the same cell), have been easily kept together

in the same stock ever since, because in those oases where

they become separated through assortment every zygote

that receives the deficient (2nd) chromosome dies unless

the same zygote has received the third chromosome with

the duplicate piece.

The preceding results shO'W that chromosomes may
not only gain genes by the attachment of pieces

(duplication), but also that chromosomes may lose

pieces (deficiency).

Other instances of deficiency have been reported by

Bridges which can be explained either as total losses of

(?ovtain regions, or due to their inactivation. Unless the

lost pieces happen to have been retained as in the last

case, the distinction between these possibilities is difficult.

A study of one case has shown that no crossing over takes

place in the region of deficiency, although the rest of the

chromosome was little or not at all affected. As a result
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the ohroraosome is “shortened’’ by an amonnt correspond-

ing to the “length” of the deficient region.

It is not -without interest to notice that in the first

case the duplicating piece is attached to that end of the
first chromosome where the spindle fibre is attached. In
the other case the duplicating piece is attached to the

b
Fia. 64.—An egs of Aacariahivalens fertilized by sperm of A, univalma, u; later stage

of samot 6.

middle of the third chromosome, and in this chromosome
the spindle fiibre is attached to the middle.

An interesting case of triploidy has been reported in

the threadworm Ascaris (Boveri). Two varieties occur,

one with four chromosomes (haploid two), and one with
two (haploid one). Barely a female of one variety is

a
Fig. 66.—Diploid and haploid groups of tho sundew DroHera. (After UoHonberg.)

found that has mated with a male of tho other variety,

The fertilized egp have each three chromosomes (Fig.

64). As yet no triploid adults have been met with, so that
the method of conjugation of the chromosomes in the
triploid types is not known.

Rosenberg crossed two species of sundew, Drosera
longifoUa, with 40 chromosomes (haploid 20), and D.
rotwndifoUa, with 20 chromosomes (haploid 10), Fig. 65.
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The hybrid had. 30 dhromosomes (20+10) . He foimd that

when this hybrid produoes its germ-eells they show, after

reduction, 20 chromosomes, which he interprets as due to

10 of the rotundifolia conjugating with 10 of the longi-

folia. This leaves 10 without mates. At the following

maturation division Rosenberg describes the 10 paired

chromosomes as reducing, sending one member of each

dyad to one pole, the other member to the other; but the

Fig. 60.—A sohomo illustrating tlio fortilUation of tho ogg of ono speoies of moth by
the sperm of another, with reduction in 1, with no roduotion in II, and with partial reduo-'
tion in in.

10 unpaired chromosomes are irregularly distributed at

this division. If the account is confirmed, the situation

is peculiar, for if the 20 (haploid) chromosomes of longi-

folia correspond to the 10 (haploid) of rotundifolia it is

not obvious why all 20 might not :^d a place alongside

of the 10, unless chance or some difference of length, etc.,

makes this impossible. This assumes, however, that longi-

folia is not tetraploid—^if it ie, then a farther question

arises as to which chromosomes of each set of three would

be the ones most likely to conjugate, etc.

Crosses between three speoies of the moth Pygcera,

11
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having different chromosomes, were made hy Federley.
The hybrids showed intermixed characters of both
parents, and their chromosome number was the sum of
the haploid numbers of their parents (Fig. 66).

Fo reduction in number of the chromosomes takes
place in the hybrid at the synaptic stage (except perhaps
for one or two small ones), so that the 1st spermatocytes
contain nearly the sum of the haploid number of the

®7.-—Soheme illustrating the history of the ohromosomes, and the baok-oross botwoon a
nybrid male and one or the other parent; also between two such hybrid Fi individuals.

parents (A and B) after division of each chromosome
(Fig. 67). A second maturation division follows in which
each chromosome again divides. As a result each sperm
contains the full number of chromosomes, half paternal,
half maternal (A and B). The hybrid female is sterile,

but the male is fertile. If he is back-crossed to a female
of the A race his sperm, carrying both sets of chromo-
somes, will produce a 3N individual, A + B -j- A. It will
have two sets of the A genes to one set of B. In appear-
ance the moth is practically the same as the F, hybrid,
because both contain both sets of chromosomes—the
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double set AA with B not producing any striking differ

ence from the single set A-j-B. When this second hybrid

(3N) matures its germ-cells, the two homologous series

(A -j- At) mate with each other, and then segregate at the

first division, while the unmated E-series simply divides.

At the second division both the A- and the E-series divide,

thus giving to each sperm a haploid set of chromosomes
(A -f- E). The sperm then is the same as the sperm of

the first hybrid. So long as the back-crossing continues

the outcome is expected to be the same.

If, instead of back-crossing the first hybrid to parent

A, it is back-crossed to parent E, the same result as

before takes place, except that the second hybrid is now
A i-f E H- E. When it matures its germ-ceUs, the B^s
unite and then separate, givingAE sperm as before.

Here then we find a kind of inheritance that super-

ficially appears to contradict the generality of Mendel’s
law of segregation. On the contrary, a knowledge of the

chromosomal behavior shows that the results are different

because the mechanism of conjugation of the chromosomes
is changed, and changed moreover in such a way that on
the chromosome theory itself the results are what are to

be expected.

These crosses are so important that some further

details may be added. The whole (2N) and half (IE)
number of chromosomes of the three species studied by
Federley are as follows

:

'

Wholo

Pvp;aoni anachorota 60 30
Pvgaora curtula •’1)

Pygaora pigra 40 23

In the hybrid between the first two species the number of

spermatocyte chromosomes was found to be 59 (30 -f 29).

No union between any of the maternal and paternal chro-

mosomes could have taken place. But in the hybrid

formed by the union of the two more nearly related spe-

cies, curtula and pigra, the number of spermatocyte ohro-
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mosomes was fouad to be as a rule somewhat smaller than
the sum of the parental haploid numbers, indicating that

one or more had corgugated. To the extent to which such
union, and the consequent reduction, takes place, the

characters of the second hybrid generation may differ

from those of the first—at least if the conjugating pairs

have different factors in them.

A similar behavior of the chromosomes has been
described by Doncaster and Harrison for two species of

moth of the genus Biston (Mg. 24). The hybrids were
sterile, and no further generations were raised.

Federley later made similar crosses with three other

moths. A cross between Smermthm ocellata (with 27
chromosomes as the haploid number) and Dilina tilicB

(with 29) he regards as a cross between genera. A cross

between S. ocellata, and 8. populi (with 28) he regards as a
species cross. A cross between 8. ocdlata and 8. ocellata

var. planus he regards as a racial, or varietal, cross.

As before the spermatocytes of the hybrid have the sum
of the two parental numbers of chromosomes (or a few
less at most). In other words, conjugation of the chromo-
somes does not take place. The mosit unexpected result in

these combinations is that the types that are so alike as to

be classified as varieties behave as regards conjugation

like the other two combinations. The results suggest that

ordinary conjugation may not be due to the similarity

of the sets of genes carried by the chromosomes so much
as to other peculiarities of the combination.



CHAPTER XIV

SEX-CHROMOSOMES AND SEX-LINKED
INHERITANCE

The discovery that the female in certain species of
animals has two X-chromosomes and the male has only one
X-ehromosome, either witli a X-chromosome in addition

(Stevens) or without the Y (Wilson), established a view
:fcst suggested by McClung that the difference between
the sexes is connected with the distribution of particular

chromosomes. Two interpretations of the facts have been
proposed : The first, and most obvious one, was that the
presence of two sex-chromosomes (XX), in connection
with the rest of the cell complex, causes a female to

develop; while only one sex-chromosome (X) in connection

with the rest of the cell causes a male to develop; the sec-

ond interpretation was that of XX and X are merely
indices of sex, i.e., that the sex-chromosomes follow sex
and do not determine sex.

It is now possible to show that sex follows the chromo-
somes and not the reverse, because if a “female produc-
ing” sperm (X) fertilizes an egg without an X (as excep-

tionally occurs) an XO individual is produced that is a
male, whereas if this same sperm had fertilized an egg
with an X, giving an XX individual, a female would be
the result. Conversely when a “male producing” Y-
sperm fertilizes an egg with two X’s (as exceptionally

occurs) an individual is produced that is a female, despite

the presence in her of a r-chromosome.

The Sex-Chuomosomb

It will be convenient to treat the XX-XX type of com-
bination first. I shall follow the usual custom of calling

bothX and X sex-chromosomes.
166
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At the time when the polar bodies are extruded from
the egg, the two X's separate, one passing out, the other

remaining in the egg. Every egg is left with one A
(Fig. 68).

In the male, theA and F conjugate and separate at one

of the maturation divisions, so that each sperm contains

either an A- or a F-chromosome (Fig. 68). Fertilization

of any egg (A) by an A-bearing sperm produces a female

9 cf

XX xv

Eggs

X X r
/

/

XX XY
9 cf

Fio. 68.—Soheme ahowins the relation of the sex-ohromoaome to Bex-detcrmination,
XX-XY type.

(AY) . Fertilization of any egg (X) by a F-bearing sperm
produces a male (AF).

Since the two kinds of spermatozoa are produced in

equal numbers, females and males will be equal in num-
ber. The mechanism is self-perpetuating.

The Inhemtanob of Faotoes Caebied by the Sex-

Cheomosomes in the Dbosophila. Type

Since the son gets his one A-chromosome from his

mother, and the F from his father, he inherits factors

carried by the sex-chromosomes in a different way from
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the way in which he inherits the factors carried hy
the other chromosomes (auto'Somes), heoanse X and Y
differ from each other in a way in which no other chromo-
somes differ.

The recessive gene for white eyes (w) in Drosophila is

carried hy the X-chromosome. It is inherited in the fol-

lowing way (Fig. 69) ; When a male with white eyes (w)
is mated to a red-eyed female {WW), the Ft sons and
daughters have red eyes. When these are bred to each
other, all the daughters have red eyes (50 per cent.), half

the sons have red eyes (25 per cent.) and half the sons

have white eyes (25 per cent.). The ratio, irrespective

of sex, is three red to one white, but the white-eyed flies

are found only amongst the males. In the diagram (Pig-

69), the relation of these results to the sex-chromosomes
is shown. The X-chromosome that carries the normal
gene (wild type) which ^ves red eyes is indicated by
W. The X-chromosome that carries the gene for white

eyes is indicated by w. The rod with a bent end stands

for the F-chromosome.
The Fj daughtei'S contain one of each kind of X-chro-

mosome. The Fj sons only one kind. The recom-
binations that give the Fa results are shown in the middle
of the lower part of the diagram. Half of the females

are seen to be homozygouk for the wild-type gone (W).
They should never transmit white eyes, and they do not.

The other half of the females are heterozygous (Wn0» find

if mated to a white-eyed male should give 50 per cent,

red-eyed males and females, and 50 per cent, white-eyed
males and females. This they do. The red Fa sons (TF)

should never transmit white eyes, nor the white-eyed sons

(w) transmit red eyes. These relations are also known
to hold.

The reciprocal cross (Fig. 70), vis., a white-eyed

female {ww) to a red-eyed male (W) gives red-eyed

daughters {wW) and white-eyed sons (w). If these Fj’s
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are bred together, the results are as follows; Half the

daughters have white eyes (ww), half red eyes {wW)

;

half the sous have white eyes {w), half red eyes {W). It

will be seen that the red-eyed daughters are all hetero-

zygous, and should give 50 per cent, white and 50 per cent,

red offspring if mated to white-eyed males. This occurs.

Similar illustrations might be given for any of the

50 sex-linked characters of Drosophila. Of these the sex-

linked lethals form the most interesting cases and will be

spoken of in another connection.

Despite the fact that the results in one of the two fore-

going crosses gave a 3 : 1 ratio, and in its reciprocal a 1 :

1

ratio, the results in both cases conform to Mendel’s first

law of segregation. The peculiarity of the 1 : 1 ratio is

due to the fact that the red-eyed male is in a sense

heterozygous for the wild-type eye color (since he has

but one X-chromosom*e that carries the factor for red

eyes). Since in the second cross the male gets no red-

producing X from either parent, he is pure for white

eyes in the sense that he has an X bearing the factor for

white eyes and a Y that bears no factor making red.

Hence this Fi cross is exactly like a back-cross of a hetero-

zygous female to a recessive male, and gives the same
numerical result, viz., 1 : 1.

Cases of sex-linked inheritance of this kind are also

known in man. Color blindness in man appears to follow

exactly the same procedure as sex-linked inheritance in the

vinegar fly—at least certain kinds of color blindness have
been shown to do so. Haemophilia also is sex-linked, and
there are four or five other defects in man that appear
to come under this head. According to several accounts
there is an unpaired sex-chromosome (or two of them)
fin man, which is also called for by the genetic evidence

relating to sex-linkage in man, but since the femalenumber
of chromosomes in man is stated by Cuyer to be 24, and
by von Winiwarter to be 48, it is unsafe as yet to appeal
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to this evidence as sb.o'wing the identity of the sex-deter-
mining mechanism of man and the vinegar fly.

When two or more sex-linked characters are involved
at the same time, the situation is different only in so far
as crossing over may take place in the female. It will be
simpler to consider such a cross and its reciprocal in the
reverse order from that just given. If a female with
yellow wings {yy) and white eyes (mt?) is crossed to a
wild-type male, “gray” wingsi (Y) and red eyes (TF), the
sons are yellow white and the daughters are gray red
(Fig. 71). When these are inbred there are four types
in Fa (ignoring sex), vis.,. the two original combinations
yellow white and gray red, and the two crossover com-
binations yellow red and gray white. They occur in the
following ratios

:

Yellow* white Gray red Yellow red Gray white

99 per cent. 1 per cent.

In this case the F^ male acts as a double recessive, reveal-
ing the araount of crossing over in the F^ female. Since
neither his female-producing nor his male-producing
sperms carry factors that cover up the characters carried
by the four classes of gametes in the Fj female, all four
classes of her gametes are revealed in their numerical
proportions. Reciprocally, when a male with yellow
wings {y) and white eyes {w) is crossed to a wild-type
female (gray (YY) red {WW), both sons and daugh-
ters are gray red, because both get the dominating genes
for these characters carried by the Y-ehromosome
received from the motiber. If these F^ 's are inbred (Fig.

72), the Fg females are gray red, since each contains an
X with the two dominant genes derived from the father
whose genes have remained completely linked, as there
is no crossing over in the male. On the other hand,
there are four kinds of Fg males

;
yellow white

;
gray red

;

yellow red; gray white; because each male shows the
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character of hie single Z-chromosome, and there are four
kinds of these chromosomes in his mother on acooimt of
crossing over in the female. The other sex-chromosome,
the T, has no dominating influence.

Pig. 72.—The P* rcaulta from the reoiprooal cross of that shown in Pig. 7L

SuX-MUKEflO IlTHBiEEPAnOE OF IHB AuBAXAB TyPB
In certain moths and birds it has been shovm by the

genetic evidence that the female is heterozygous for sex-

linked factors. The cytological evidence, as far as it goes,

supports this evidence, but for birds the material is so
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difi&cult to interpret that Gnyer's conclusions do not seem
to me as yet to be on as secure grounds as those of Seiler’s

for moths. Both descriptions give, however, the bases for

a consistent explanation of sex-linked inheritance in this

type (WZ-ZZ).
Since we do not know as yet whether the same or dif-

ferent sex factors are involved in the Drosophila and in

the Ahratsas types, it seems best not to use the same sym-

.

$ CT

wz ZZ

^

^ z z

Fia. TS.^Soheme showing the relation of the Bex-ohromoeomeB of the moth (and of the bird)
in Bex-determination> WZ-ZZ type.

bols in both for the sex-factors. If in both types a single

sex-factor is concerned, and if it is the same in both, the

conditions that make for a female in one case and for a

male in the other must be due to a difference in the

rest of the hereditary complex that reverses Ihe reaction.

It would appear simpler toassume that the sex-factor itself

is different in the two cases. If there is more than one

factor for sex, the two types may have some in com-
mon, but the theoretical situation would remaiu the same.

For our present purpose these possible distinctions are

of no importance.



Fio. 74.—Cross between Abraxas lactieolor female and oroaaulariata male.

also) a male {ZZ) is produced
;
if W stays in, and the egg

is fertilized by a Z-bearing sperm, a female (WZ) is

produced. The way in which sex-linked characters are

transmitted may be illustrated by the inheritance of a

color difference in the currant moth Abraa}as. The wild

species (grossulariata) has a mutational variety called

lactieolor, that differs from the former by having less
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black pigment in the wings. Wben a dark (grossnlariata)

male is mated to a light (laoticolor) female, both sons and
daughters are dark (Fig. 74) . If these are inbred all the

Fz sons are dark, half the daughters are dark, half light.

As the diagram shows, the distribution of the Z-chromo-
some furnishes the mechanism by means of which we can

GHDSSULARIATA 9 OG L/CnCOLOR d LL

Fia. 76,—Cross between Abraxas oroaaulariata female and lasticolor male.

explain, as in Drosophila, the process of sex-linked inheri-

tance in this moth.
The reciprocal cross is shown in the nes^t diagram (Fig.

75) in which a dark (gross.) female is mated to a light

(laot.) male. The daughters are light like the father, the
sons dark like the mother—criss-cross inheritance. The
daughters get their one .Z’-chromosome carrying the light
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factor from their father, the sons get in addition to a light

Z from their father a dark dominating Z from tiieir

mother. When the jPi’s are bred together fonr claasea

result in the proportion of 1:1: 1:1, when sex is taken
into consideration, or in the ratio 1 : 1 for the color differ-

ences alone.

According to Doncaster, the male and the female
Ahraasas have each 56 chromosomes, i.e., the female isZW
rather than ZO; but as yet the sex-chromosomes as such
have not been identified. That sex is connected with such
chromosomes is not only established by sex-linked in-

heritance, but is also indicated by an aberrant race of

Abrams found by Doncaster. The noales of the race had
the normal number of chromosomes (56), but the females
had only 55 dhrornosomes, Doncaster found that in these

females an unpaired chromosome, presumably the Z-dhro-

mosome, was more often thrown out into the polar body
than left in the egg, so that most of the resulting eggs had
only 27 chromosomes. Any egg of this kind fertilized

by a spermatozoon should give a 55-chromoaome indivi-

dual, i.e., a female. The few eggs that retained the

unpaired Z^-chromosome, fertilized by a Z-spermatozoon,
would be expected to give rise to the rare males, which
like normal males have 56 chromosomes. The excess of

females is thus accounted for, and incidentally the results

show that the W-chromosome carries no essential factors

for the life of the individual, since females without it

develop and look like normal females. Probably it is

empty as is the Y of Drosophila.

In poultry there are several cases of sex-linked inheri-

tance that follow the Abramas type. One of the most
striking cases is the cross between Barred Plymouth Eock
and Langshan. When a barred male is crossed to a black

female, the sons and daughters are barred (Fig. 76).

Barring is dominant to black. Two such Fi% inbred, give

all barred males ;
half the hens are barred, half are black.

It may be said here that the black grandmother transmits

12

i
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her black color to only half of her grandsons. The chro-

mosomal explanation can ohvionsly be worked out on the

same scheme as in Ahraccas (Fig. 77). But if Q-uyer’s

recent account of spermatogenesis in birds is correct, the

situation is different Q-uyer describes the ripening of

the sperm as follows : There are 18 chromosomes in the

male, including two large Z's (16 •+ 2). After synapsis

there are 9 double chromosomes in the first spermatocyte,

all of which, except ZZ separate at the first maturation
division, 8 going to one pole and 8 to the other. One

Bamdd*

F.
zPw

DaT^<? Darped^

-ft -fw tw
Darredc? Barredc? Barred^ Black j

Fig. 77.—Scheme showing the transmis»on of the sex-linked oharaoters B barred, and
b «>blaok in the cross shown in Fig. 76.

daughter cell gets both Z^s (8 -1- 2) . This ceU then divides

again, the Z’s presumably separating so that two second
spermatocytes are produced, each with 9 chromosomes
(8-fl), including the Z. These become the functional

sperm. The other spermatocyte, the one without a Z,
may divide again, but it, or its products, degenerate, and
never produce sperm. According to Guyer, there are 17
chromosomes in the female, including one Z. Presum-
ably, then, after reduction half of the eggs will contain a
Z (8-1-1), the other half will be without it (8) . The egg
that carries aZ (8 + 1), fertilized by a sperm (each sperm
carries a Z (8 -f- 1)), will make a male with 18 chromo-
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are inbred, there are four F2 classes with sex taken into

account in the proportion of 1 : 1 : 1 : 1 ;
or ignoring sex,

1 barred to 1 black. The barred and the black races

differ by one factor difference (Fig. 79), vie., barred Z°
and its normal recessive allelomorph Z**. This seemsi to

mean that the Barred Plymouth Bocks is a black race

with an additional dominant factor for barring. The
Black Langshan is the same black race but without the

barring factor.

Until quite recently no cases of crossing over had been
observed in forms having the Abraxas type of sex-linked

inheritance, for, except in one or two cases in poultry,

only a single pair of sex-linked genes were known, and two
at least must be studied togetiier in order to demonstrate
linteige. Goodale has recently studied two sex-linked

characters in poultry, and states that crossing over occurs
in the male, but whether or not in the female is not stated.

Sbx-dbtbbminatioit and Natctbal Pabthbnogbnbsis

Variations in the ordinary sex-determining mechanism
account in some cases for the normal output of males and
females produced by parthenogenesis, and determine the
exceptional sex-ratios of such species. The honey bee
furnishes the best known example. The queen comes
from a fertilized egg, and has therefore the double (2V)
number of chromosomes. Her eggs give off two polar
bodies, hence have the reduced, or single number of
chromosomes. Any egg that is not fertilized develops
parthenogenetically into a male. If there are two X-chro-
mosomes in the bee, as in some of the o'^er insects, the
egg is^ expected to contain only one of "them after the
extrusion of the polar bodies. Hence, if it develops -with-

out doubling its chromosomes, it should give rise to a
male. That the male has the sjngle number of chromo-
somes is also home out by the evidence from a peculiarity

of the first spermatocyte division in which the cytoplasm
di-vides, but the chromosomes do not

, separate into .tyro
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groups. Several stages in the maturation of the sperma-
tozoon of the bee are show in Fig. 80. Ini a, the spindle

for the first spermatocyte division has appeared. A small

piece of the cytoplasm cuts off, but the chromosomes do
not separate, and they return again {b and c) to a resting

Fia. 80.—"Firat apermatooyto divisions a>o, and tho second spermatooyto division d-o
in the beo. (After Mevee.)

stage. Another spindle forma (d), and the chromosomes
separate into two groups, one of which is pinched off

as a rudimentary cell that never becomes a spermatozoon.
Hence only one, and not four spermatozoon as in ordi-

nary cases, is formed from each spermatocyte. In the
hornet (Fig. 81), the spermatogenesis is similar to that of
the bee in lhat the first division is abortive. It is different







I
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queen must transmit to him all her diaracters, thus giving

rise to a form of inheritance that has a superficial resem-

blance to sex-linked inheritance. A queen of a pure race,

bred to a male of another race with a dominant factor,

produces daughters aU showing the dominant character

of the father, and sons all showing the recessive character

of the mother. Since the son gets his entire chromosome-
complex from his mother, he must necessarily be like her,

whether the character in question is in the sex-chromo-

some, or in some other one.

a
b

Fkl 83.—Fxtruaion of tho polar body from a malo-producing egg with lagging ohro-
moaomofl on tho apindle, o; and oxtrusion of the polar body from a fomale-proclucing
ogg,b; in Vkylloxerd.

In the phylloxerans there are two parthenogenetic

generations followed by a sexual one ( Pig. 82) . In the sec-

ond parthenogenetic generation two whole chromosomes
leave certain eggs (Fig. 83) passing into the single polar

body which is given off from the egg. Such eggs have two

less sex-ohromosomes and develop parthenogenetically

into males. In other eggs of the same generation all four

sex-chromosomes are retained after the polar body is

produced, These eggs also develop parthenogenetically,

but produce females. Similar changes take place no doubt

in the aphids, for the males have been shown to have one

less chromosome than the female, although the loss of one
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ohromosome in tlie polar body has not yet been observed

in tbe group.

In both phylloxerans and aphids there are two olasses

of sperm produced in the males as in other insects, one

with X, one without it. The latter degenerates, and only

the X or female-producing sperm remains fimctional. A
few stages in the spermatogenesis of the bearberry aphid

Pig. 84,-—First and second spermatocyte division in the bearberry aphid with the formation
of one rudimentary cell.

are shown in Fig. 84, Or-g. In h, the chromosomes have
divided and moved to opposite poles while the sex-dhromo-
some is drawn out but has not moved yet to either pole..

In c, the sex-chromosome has been drawn into the larger
of the two cells that is produced. In d, the division into a

larger and a smaller cell is completed. In e, preparations
for another division are taMng place in the larger cell, and
in / and g this is completed. The smaller cell does not
divide, and later degenerates. The two spermatozoa from
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the two larger cells each contain one X-chromosome and
two antosomes. They correspond obviously to the female-

producing sperm of other insects. Hence only females

arise from fertilized eggs.

The rotifers, especially Sydakma senfa, are the only
animals in which the transition from parthenogenetic to

sexual reproduction has so far been gotten under con-

trol by regulating the environment, and although the
evidence that the environment causes part of its effects by
influencing tlie chromosomal mechanism is not yet estab-

lished, there is, in my opinion, some indication that such
is the case. The common method of reproduction in

Eydatina is as follows: A parthenogenetic female (Fig.

85, A)' lays eggs (D), each of which, after giving off a
single polar body, develops at once (ie., without fertiliza-

tion) into a female like the mother. The whole number
of chromosomes is retained in the eggs. Several or many
generations may be produced in this way. Whitney has
shown that if such females are fed on a'green alga,

Euglena, daughtera appear (structurally like the others)

that produce smaller eggs {E). If these eggs develop

without fertilization they become males (C). Examina-
tion of these small eggs show that they give off two polar

bodies, and retain a reduced number of chromosomes. This

process is the same by which the male bee is produced.

If the female, that produces the small eggs just

described from which the males develop, should have been

impregnated by a male soon after she hatched, her eggs

would then grow larger and surround themselves with a

thick-walled coat. They become the winter or resting

eggs. Each such egg, after the sperm enters, gives off two
polar bodies, reducing in this way the number of its chro-

mosomes. By the addition of the sperm nucleus the full

number of chromosomes is recovered.

Whitney has recently shown that there are two classes

of spermatozoa produced by the male, large and small;
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for, omag to the few sperms produced by each male their

actual number can be counted. There are twice as many
large as small spermatozoa, if, as may be the ease, only
the large ones contain chromosomes and are functional.
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parthenogenetio females like themselves (Fig. 86), and
this non-sexnal process continues indefinitely. If on the

contrary, parthenogenetio females are fed abundantly on a

rich diet of the green alga Euglena, their eggs develop into

individuals -which, if early fertilized as explained above,

become sexual females, ie., they lay fertilized eggs, but if

not fertilized, produce small eggs that, developing par-

thenogeneticaUy, become males. In other words, the same
female becomes either a sexual female, or a female that
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Fig. 86,—Diagram showing how a continuous diot of Polyioma (P-P) through twenty-
two months yielded only fomido-produoing females, but when the diot was suddonly ehaiigoU
to Chlainydomonaa (at C), nmle-pruduoing females appeared at once. (After Whitney.)

gives birth to males. Some recent writers, misunderstand-
ing these relations, have tried to make it appear that the

change here is one that is sex-determining, using this

expression to all appearances as it is ordinarily employed
in other cases, but in fact using the term in such a way
as to obscure tlae one important fact that the results really

show, vk., that an environmental change of a specific kind

produces a new kind of female that is either a producer

of eggs that become males (after or because two polar

bodies are extruded)
,
or becomes a sexual female, should

she early meet a male.
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SEX-DETERMINATIOlSr AKDi AbTIPIOIAL PARTHENOGENESIS

Many interesting questions concei'ning sex-determina-

tionmigM be studied were it as easy for man, as it appears

to be for nature, to make eggs develop without fertiliza-

tion. Only three cases are known in which eggs developing

under artificially induced conditions have reached matur-
ity. Delage raised one sea urchin that had been produced
artificially to maturity, and determined that it was a male.

Tennent has shown that the male is heterozygous for the

sex-chromosomes. Hence, if the artificially produced
urchin has the half number of chromosomes it should, if

like the bee, be a male, but if, as Herlandt has shown, the

number of chromosomes may double before development,

a female would be expected.

In the frog, Hertwig, and later his pupil Kuschake-

witch, found ibat the number of males is increased up to

100 per cent, if the eggs are detained in the uterus for

one to three days before adding sperm to them. Hertwig
has attempted to explain the result as due to a relative

,

change in the size of the nucleus that takes place in conse-

quence of the delay, but since the chromosomes are at this

time in the metaphase of the second polar spindle, it is not

obvious how such an enlargement could be brought about,

quite aside from the question as to whether the result

imagined would follow even after such a change. I have
suggested that these eggs with deferred fertilization may
develop parthenogenetically, due either to the egg nucleus

alone giving rise to the nuclei of the embryo, or to the

sperm alone giving rise to these nuclei, in the latter case,

the polar spindle of the egg having been caught at the sur-

face and prevented from taking part in the development.

The possibility of the nuclei of the frog arising in one
or the other of these ways is shown by the work of Oscar
and Ounther Hertwig who liave found evidence that after
treatment with radium, the sperm-nucleus alone may give

rise to the somatic nuclei of the embryo. Packard also
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has shoTvn that such kinds of androgenetio embryos
may arise in the eggs of Ghcetopterm treated -with radium,
and by following every stage in the process he has
determined also that the embryos have the reduced
number of chromosomes.

Other work on the egg of the sea-urchin had seemed
to show that while in most cases the egg, that begins to

develop parthenogenetically, starts with, and continues
to maintain the half number of chromosomes, yet accord-
ing to a recent observation of Brachet, a parthenogenetic
tadpole, eighteen days old, that he produced, had the
double number of chromosomes. Whether it may turn out
that when the egg nucleus gives rise to the nuclei of the
parthenogenetic individual it may sometimes double its

number of chromosomes (by failure of the first cytoplas-

mic division, for example), and that when a sperm gives
rise to these nuclei the half number is retained, cannot be
stated. Until we have farther information on these points

the expectation as to what the sex of parthenogenetically

produced frog individuals will be can only be speculative.

Loeb has raised seventeen adult, or nearly adult male
frogs and three nearly adult female frogs from eggs devel-

opmg after Bataillon’s puncture method of inducing par-

thenogenesis. One male frog had more than the half num-
ber of chromosomes (at least 20 and presumably the

whole number, 26?). The number of chromosomes in the

females was not determined.

Gynandbomobphb and Sex

In the group of insects especially, it has long been
known that individuals occasionally appear that are part
male, part female. In the most striMng oases the line

of division runs down the middle of the body, but there

are also antero-posterior gynandromorphs, and individ-

uals with only a quadrant or even a small piece of the body
different from the rest in its sex character. Several

hypotheses have been advanced to explain these rare com-
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binations of the two sexes, and it is probable that gynan-

dromorphs may arise in more than one way, but in Droso-

phila it can be demonstrated that the great majority of

gynandromorphs result from dropping out of one of the

sex-chromosomes at some early division of the fertilized

egg. The demonstration is made possible by using sex-

lihked characters that are known to be carried by the sex-

chromosomes. For example : Yellow body color in Droso-

phila is due to a recessive gene carried by the Y-chromo-

some. Its allelomorph (wild type) lies also, of course, in

the normal Y-chromosome. If yellow is crossed to wild,

and a bilateral gynandromorph should arise, it may be

yellow on the male side (as seen in the yellow wings and
yellow hairs over half the body) and wild type on the

female side (Fig. 87).

Since the male characters arise when only one sex-

chromosome is present, it must be the yellow-bearing

chromosome in this case that gives the male side. Since

the female characters arise when two Y’s are present,

both must be present in the female side, which will here

be the wild type, since the gene for wild type domi-
nates the yellow-producing gene. The gynandromorph
must have arisen, therefore, at a very early nuclear divi-

sion in the egg in which one daughter Y-chromosome failed

to pass into one of the daughter nuclei. The diagram
(Fig. 88) shows how such a result might be supposed to

have come about.

The diagram indicates that one daughter chromosome
Y' (bearing the gray gene) has failed to become incor-

porated in its proper nucleus, which is therefore left with
only one Y. From this nucleus the nuclei of the male half

are produced, while from the YY nucleus the nuclei of the

female half arise. That both of these nuclei, the YY and
the Y nucleus contain other chromosomes derived from
both parents has been shown by making one of the original

parents homozygous for some recognizable autosomal-
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character. It, or its normal allelomorph, should therefore

be present in both nuclei if all the chromosomes of the

fertilized egg have divided normally except the X-chromo-
somes. This, in fact, has been found to be the case (Mor-

gan, Bridges, Sturtevant).

Nearly all of the many hybrid gynandromorphs of

Drosophila can be explained as above. In a few cases,

when the abdomen of the fly was sufficiently female to

make mating possible, it has been found that the eggs give

the results expected for a female having the sex-linked

fafctors that entered the cross.

Kxo. 88.—DiagrAin Hhowine eliniiiiutiun of X' at an oarly cell-diviHion, bo that the nuuleuB

to tho right gets X and X' and that to the left only X.

In a few cases in Drosophila the explanation of chro-

mosomal dislocation will not cover the results. Some of

these cases can, however, be accounted for by another

hypothesis. Should an egg arise with two nuclei (there

jire several possible ways for this to occur), one nucleus

having one set of factors, the other the other set (the

parent being heterozygous), then if each nucleus is sepa-

rately fertilized a different combination of factors is pos-

sible from that possible on the elimination theory. A
gynandromorph, described by Toyama, appears to belong

to this category. Toyama found two gynandromorphs

of the silkworm (Fig. 89) whose mother belonged to a race

with banded caterpillars, and whose father belonged to a
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autosomes a factor for pale, and if a spermatozoon, carry-

ing the factor for pale, fertilizes each nnclens, the two
zygotic nuclei will he ZW female and banded, and ZZ
mde and pale. This gives at least a formal explanation

of the results, and helps us to see how such a rare event,

the appearance of two gynandromorphs in the same brood,

happened to occur at the same time ;
because, as Doncas-

ter’s evidence shows, a double nuclear condition may be

characteristic of the eggs of certain females.

Fia. 90.—Diagram illustrating how- a heteroaygous ogg with two nuclei fertilised by two
sperms might produce a gynandromorph hko that shown in l^'ig. 89.

“IlTTBESEXES” AND SeX CeNES

The quantitative relation of one X for male and two
X’s for female that has been found to hold in many of the

groups of animals might seem from a purely a priori

point of view capable of being modified in such a way that

an intermediate condition might bo realized, but whether
such conditions should be expected to give rise to her-

maphrodites or to non-sex-somethings (intennediates)

—

or to a mosaic of both sexes, or should rather bo expected

to die could scarcely be foretold. There are three cases

in which individuals called “intersexes” have been found,

or produced; and since their interpretation has led to a

view that has appeared to contradict the ordinary sex-

determination scheme, these cases must be briefly referred

to here. Q-oldflchmidt has studied very tho^roughly ‘
‘ inter-

13
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sexes” that arise when the European and Japanese race

of gypsy moths, Lymmtria dispar and L. japonica, are

crossed. Eiddle has described doves obtained by crossing

the white ring dove {Streptopelia cdha) and the Japanese
turtle dove (Turtur orientalis) that are intersexual in

their mating habits. Olga Knttner and Banta have found
that certain lines of Oladocerans (Simocephalus) may
produce (parthenogenetically) “intersexual individuals”

in the sense that an individual may possess some of

the secondary sexual differences of one sex and some
of the other.

Some of Q-oldsohmidt’s combinations between different

races of gypsymoth produce only intersexual females, ie.,

individuals that are mostly female, but have also, in spots,

male characters. In the most extreme oases they are

almost like males, not only in color, but even in the partial

production of testes. Other racial combiaations give male
intersexes, Le., individuals that are for the most part

males, but show, in spots, some of the characteristics of

the female. Goldschmidt explains these results by the

assumption that the sex factors have different quantita-

tive values in the different races. He represents the

female byFFMm, and the male byFFMM. If the FF “fac-

torial set” is represented by 80 units, and the “present”

male factor, M, by 60 units, then the above formula for the

female becomes 80-60= 20, and the male formula

becomes 80-(60 -f- 60)= -40. In the former, female units

“dominate,” in the latter, the male. Values like these

can be arbitrarily set for all the different races. For
instance, to the “weak” European race and the “strong”

Japanese the following values are assigned

:

Weak European Race Strong Japanese Race

9 FF Mm FF Mm
80, 60 100, 80

6^ FF MM FF MM
80, 60, 60 100, 80,80
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If a Japanese female is crossed to a Enropean male,
the El female and male may be represented in the fol-

lowing formnla:

Fi 9 PF Mm . Fi (J> FF MM
100, 60 100, 80, 60

Both “nonnal” female and male offspring are expected
in equal numbers. The reciprocal cross gives a different

result, viz.:

Fi d' FF MM Fi tJ* FF MM
80- (80+60) 80, 80, 60

The El female is EE-M= 0; and is therefore repre-

sented as intersexual. It will be observed that the so-

called “female factors” in these formulse are supposed
to be inherited entirely through the mother.

By assigning different values to EE and M in the dif-

ferent races it is possible to express the results in such
a way that the sexes obtained by various crosses have
different minimal values—those less or more than any
assigned value for a given sex are interpreted as inter-

sexes. In the example cited, an exact balance (=0)
between the conflicting factors produces an individual that

is represented as neither male nor female. It is not
obvious, however, why it should bo made up of parts each
of which is strictly comparable to the same part in a male
or a female.

While the assignment of arbitrary values to sex fac-

tors is a legitimate procedure, it is not a quantitative

analysis in the ordinary sense, since the quantities

are not referred to some external measure, but are
purely arbitrary.

How far an erratic elimination of sex-chromosomes
in later stages of cell-division might account for the result

cannot be stated, since there are at present no facts to

go upon—the chromosome count in somatic cells of the

hybrid has not yet been reported, but Q-oldschmidt thinhs
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that the mode of development of the emhryo precludes

this interpretation,

Biddle obtained his intersexual hybrids by causing

their mother to produce many more eggs than she vould
ordinarily produce. This was done by removing the eggs

from the nest as soon as they were laid. Towards the end
of a series obtained in this way an overworked female

produced an excess of males. Some of these males Biddle

regards as females that have been changed into males

—

the completeness of the change being shown in their sexual

behavior towards other males, etc. But there is involved

in the cross a sex-linked factor that behaves, as B. M.
Strong had already shown several years ago, as do sex-

linked factors in other birds. It is thus possible to identify

the chromosomal make-up of Biddle’s intersexual hybrids.

His own results show that the hybrids have the expected

combination of chromosomes for males. It appears, there-

fore, that whatever it may be that affects their behavior

their sex is determined by their possessing the ordinary

chromosome constitution for males.

Hebmaphkoditism and Sex

As has been shown, the sex-mechanism, whether XX-
XY or WZ-ZZ, gives rise to two kinds of individuals

—

males and females. There are, however, many groups and
species of animals where both eggs and sperm are found
within the same individuals, and in typical cases there are

in such individuals special ducts that are outlets for the

male germ-cells and others for the female germ-cells. In

these hermaphrodites “sex-chromosomes” are not known
to be present, or if present as in Ascaris tngrovenosa, they

act as sex determinants only in alternate generations.

The usual interpretation of the determination of the

sex-cells of hermaphrodites is that their differentiation

is determined by the same kind of specific influences that

determine, for example, that certain cells of the primitive

gut develop into liver cells, others into lung cells, still



SEX-OHBOMOSOMES AND INHEBITANCE 197

others into pancreas cells, etc. There is nothing inconsist-

ent in such a view with the theory that in other oases a

different mechanism produces different kinds of germ-
cells. Logically, this viewpoint is consistent, but I can

sympathize with efforts that are continually being made to

find an explanation tiiat makes use of the same kind of

process in genetic segregation and in embryonic differen-

tiation. In fact, in 1902, while still under the influence of

the then recent advances in the field of experimental em-
bryology (developmental mechanics), I suggested that one
might attempt to treat the phenomenon of segregation

from the same theoretical standpoint {viz,, the realization

of alternative states) as was then appealed to for embry-
onic differentiation. It soon became apparent to me, how-
ever, that (1) the two kinds of results depended upon
entirely different situations, and therefore need not have a

common explanation
; (2) that the genetic evidence showed

the improbability of explaining segregation and differ-

entiation in the same way; (3) that special tests that I

carried out failed to support the supposition of a common
explanation; (4-) that while no detailed explanation is

possible at present for the general phenomena of specific

differentiation, yet for Mendelian segi’egation the reduc-

tion division supplies all that the results oidl for.

Sex Eatios

The theory of sex-detennination has been deduced

from the evidence of equality of males and females as

well as from the oytological evidence. It remains to

explain why in some cases the machine fails to give

equality of the two sexes
;
why, for example, all fertilized

eggs of phylloxerans and aphids, or daphnians, or roti-

fer, or bees, are female; why certain mutant races of flies

give twice as many daughters as sons; why other races

of flies produce nearly all sons
;
why the sex ratio in man

is about 106 males to 100 females.

It is perhaps needless to point out that if, in a species
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in wMch sex is determined by a chromosome mechanism,
it were possible to change the sex by other agencies in

spite of the chromosome arrangement, the latter relation

would be entirely thrown out of gear and males would
transmit sex-linked characters and sex itself like females,

and females like males. As no such cases have been
found, it is futile to discuss such a possibility.

It has been shown that only the female-producing

sperm in phylloxerans and aphids becomes functional,

hence it is obvious why all the fertilized eggs develop

into females. In daphnians and other Crustacea it is not

known whether one class of spermatozoa degenerates, but

the results are explicable on such a view. In rotifers

the production of males only by certain females is due to

the eggs developing by parthenogenesis with the haploid

number of chromosomes and this explains also the case of

the bees, wasps and other hymenoptera. If a queen bee

is unfertilized or if her supply of sperm gives out she

produces only males. If she contains sperms, then any
egg that is fertilized produces a female, and as Petrunke-

witoh showed several years ago, spermatozoa are to be

found in eggs laid in worker cells—such eggs being known
to produce workers ( S 9 ) . In rotifers, too, the presence

of a large and a snaall class of sperm suggests that only

the former is functional.

Certain females of Drosophila give a sex ratio of two

females to one male. By making such a female hetero-

zygous as to her X-chromosomes (each carrying different

factors) it can be determined that the half of the expected

sons that die are the ones containing one of these two
chromosomes. It is easily possible by means of linked

genes to locate a factor in the sex-chromosome (Fig. 91)

and to show that whenever it goes to a male the fly dies.

AH the daughters survive because the lethal factor being

recessive does not harm a female whose other chromo-
some comes from a normal father. The scheme is shown
on the next page.
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As many as 20 different lethals have been found in

the X-chromosomes of Drosophila. Their occurrence in

these chromosomes is first noticed by the appearance of

such exceptional sex ratios. Lethal factors like these

need not be thought of as different in kind from any
other mutant factors. They may mean only that the

changes that they cause are of such a kind, structural

or physiological, that the affected individual cannot

develop normally. Some of the lethals may he fatal in

9 CT

the egg stages, others are known to cause the death of

the larvas, others probably act on the pupae, and a few
even allow an affected male to occasionally come through.

In man and in several other mammals there is at birth

a slight excess of males over females. Since male babies

die oftener than females, the difference has been said to be

an “adaptation,” with the implication that it calls for no

further explanation. Several possible solutions suggest

themselves. The male-producing sperm bearing the sex-

chromosome may more frequently develop abnormally

than the female-producing sperm. Again, since the sper-

matozoa must, by their own activity, travel the entire
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length of the oviduct to reach the egg as it enters the

tube, the greater size or weight of the female-producing

sperm may give a slight advantage to the male-produc-

ing sperm in the long trip up the tube. This would lead

to an excess of males. There are still other possibilities,

which if realized, would suffice to slisrhtly change the equal-

ity of the output of the machine.

Non-DisJtTNOTioir

Females of Drosophila are occasionally found that

give exceptional breeding results which have been
explained by Bridges on the view that these females are

FEHALC MAtE

Fra. 92.—Normal female and male »oups of chromoeomeB of the vinegar fly, with the
XXx female group below.

XXY individuals (Fig. 92). It has been shown by cyto-

logical examination that such females do actually contain

an additional J-ehromosome. The four possible ways in

which these three chromosomes might be expected to

behave at the reduction division when the polar bodies
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are given off Tby the egg are shown in the next diagram
(Fig. 93) . One X may go out of the egg, and the other X
and the F stay in; or one X may stay in the egg and the
other X and the F go out. In these two cases, X and X
may he thought of as members of a pair that conjugate, as

in the normal female, and then separate, and chance alone

determines whether the F stays in or passes out. Again
F may go out of the egg and X andX stay in

;
orX and X

RED 9 RED 9 DIES12 3 4

Fin. 93.—Non-dinjunotion. lii tho uppor part of tho figure the four poBaiblemodcn of

elimination of tho aox-chromoHOinn from XXY eggu are Bhown; tho roHultn of thoir fertili-

sation by an X-boaring eporm of iho male ib shown bolow.

go out and F stay in. Here X and F may be supposed to

1)6 membei's of the conjugating pair, and the free X goes

to the same pole as the X that conjugated.

In the diagram, each of these four typos of eggs is

represented as fertilijsed by an X-boaring sperm. In order

to make the outcome more apparent the original XXF
female may be supposed to have had white eyes (clear

X's) and the male that fertilized her red eyes (here repre-

sented by the black X carrying the gene for red eyes).

Pour classes of individuals are expected: (l)’Rcd-eyed

females (XXF)
; (2) red-eyed females (XX)

; (3) red-eyed
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females (XXX) that die, and (4) red-eyed males (XY).
The last are exceptional, since white-eyed females nor-

mally never produce anything but white-eyed sons. Here
the exceptional male is due to an egg without an X, being
fertilized by a “female-producing” (or Y-bearing) sperm.

The three X individuals have never been found, and
undoubtedly die, presumably from too many X’s. The
remaining red females are of two kinds, one normal XX

POLAP

BODY

EGGS

SPERM

46 ^ 46 !!: 4t

Y
it

m w mni w
WHITE cJ

5

WHITE cf

6

WHITE 9

7

DIES

8

Fig. 04.—Non-disj unction. In the upper part of the figure the four possible modes
of elimination of the aex-chroniosome from the XXY eggs are shown, ana the results of

their fertilisEation by a Y-bearing sperm of the male is shown below.

and the other {XXY), which is expected to repeat the

exceptional behavior of her mother. In fact, this is what
she does.

In the next diagram (Fig. 94) the fate of the same four

Muds of eggs is shown if they are fertilized by a F-bearing

sperm. Four classes of individuals are expected (5) white

males (XYY) ; (6) white males {XY) ; (7) white females

(XXY)

;

and (8) YY individuals. No individuals having

the last make-up have ever been found, and there can

be no doubt that an individual without at least one X dies.

The white-eyed females are exceptional, since white-eyed
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mothiers by red-eyed fathers have aormally only red-eyed
daughters. These exceptional white-eyed females (XXJ)
must repeat the phenomena of non-disjunction, and it has
been found that they do so invariably. The white-oyed
male XT is normal; the other male should produce some
XZ spenn and thus transmit both X and T to some of his

daughters. Such daughters as get both X and Y from
the entering sperm should show non-disjunctioii. This
has been proven to occur.

An analysis of the data has shown that two of the four
types of eggs are more common than the other two. As
indicated in both diagrams the types of eggs that result

after X and X have united occurs in 92 per cent, of the
cases, and since in this type the unmated Y has a random
distribution, the XY egg is found in 46 per cent, of cases
and the X egg in 46 per cent. The more uncommon type
of egg would be expected to result if X and Y united and
then separated while the other X had a random distribu-

tion.^ Eight per cent, of such cases occur, givingXX eggs
in 4 per cent., and Y eggs in the other 4 per cent, of cases.

These results not only furnish very strong proof of
the chromosome theory of sex, but serve also to show how
a knowledge of the actual mechanism involved leads to

the discovery of how a change in the mechanism gives a
new output. The conclusion that females behaving in
this way must contain a Z-chromosome was confirmed
by tlie cytological demonstration that showed in them two
X's and a Z.

^ Since this was written it 1ms been found that after XV Hynaimis tlii^ frpo
X always goes to the same pole as the synapsed X.



CHAPTER XV

PARTHENOGENESIS AND PURE LINES

Ik so far as parthenogenetio reproduction takes place

without reduction in number of the chromosomes, the

expectation for any character is that it will have the same
frequency distribution in successive generations, because

the chromosome group is identical in each generation.

There are a few eases where parthenogenetic inheritance

has been studied. The results conform to expectation.

The only difference between a species reproducing by
diploid parthenogenesis and one propagating vegetatively

is that in the latter a group of cells starts the new genera-

tion and in the former only one cell, vis., an egg, that no
longer undergoes reduction, or needs to be fertilized. In
both, the chromosome complex remains the same as in the

parent. Strictly analogous to the two foregoing methods
of propagation are the cases of sexual reproduction in a

homozygons group of individuals, composed of males and
females or in a group of hermaphroditic forms that are

homozygous. Successive generations are here also

expected to have the same frequency distribution, whether
selected or not, because they have the same germ-plasm.

Johannsen’s pure lines furnish an example of the last

case, for, in principle, pure lines, parthenogenetic repro-

duction, and vegetative propagation, are concerned with

nearly the same situation.

Johannsen worked with one of the garden beans

{Phaseolus vulgaris) taking the weight of the seeds, in

some oases, and measuring their sizes in other cases. It

is known that this bean regularly fertilizes itself. As a
consequence of self-fertilization there is a tendency for

the descendants of any form to become in time homozy-
gous, even when heterozygous forms were present at first.

204
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In fact, in a few generations perpetuated by self-fertiliza-

tion with chance elimination of individuals, a homozygous
race will result. This comes about as follows : Starting
Avith a heterozygous hermaphroditic individual, some of
its offspring will, through recombination of factors,
become homozygous, and if self-fertilization prevails they
will continue homozygous

;
other offspring will be hetero-

zygous. Prom the latter both homo- and hetero-zygous
offspring will again be produced, the former remaining
such in later generations, the latter continuing the process
of splitting. Since only a part of each generation sur-
vives, there is in the long run a better chance that the
homozygous individuals will be the survivors, because
those that have become such in each generation are fixed,

and those that are not will continue to produce some
homozygotes. There will be in consequence a steady proc-
ess of recurrence of homozygotes which, on chance alone,
will sooner or later win out.

The beans that Johannsen worked with had apparently
reached a homozygous condition, and at the start there
must have been several such lines. He studied nineteen
of them. The offspring of any one plant produced beans
that gave the same frequency distribution as the beans
of the last generation. This condition continued through
all successive generations. It is to be noted that the beans
on any one plant differ in size, but any one will give the
same frequency distribution as the beans of the preceding
generation. It made no difference whether the larger
or the smaller beans were chosen for planting—^they gave
the same group in the next generation.

It is interesting to compare this result with what would
have hapjpened had the beans been propagating by cross-

fertilization at the time when Johannsen began his work
with them. If this had been their normal method of

reproduction they would pi'obably have been heterozygous
at the start, and would have given different genetic types
for several generations, even if self-fertilized. Pure lines
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would have appeared only after the beans had become
homozygous through repeated inbreeding. But Johann-
sen, starting with homozygous beans, was able to obtain

his extremely important results, because if selection could

bring about any change it would have to be due to a

change in the genes themselves. Here, by means of a

crucial experiment, he exposed an error that had been

accepted by selectionists from 1859 to 1903. It would have
been difficult, almost impossible, to give this demonstra-

tion on any plant or animal in which self-fertilization or

asexual reproduction was not the rule
;
for, if the material

had been heterozygous either for the main factors for a

character, or for modifying factors for that character,

selection in one or another direction would be expected

through recombination of factors to change the original

frequency distribution. It is true that any stock, even

such as reproduces by males and females, may be made
homozygous by inbreeding brother and sister for ten or

more generations, but even such stock would have to be
constantly watched for mutation.

Johannsen defined a pure line as a race or family of

individuals descended through an unbroken series of self-

fertilizations from an ancestor homozygous in all its

genes. By making this definition precise he made clear

the essential point of his demonstration. Now that his

point is made, it seems no longer necessary or even desir-

able, I think, to narrow the definition of a pure line to

races that self-fertilize, since this is only one form of

inbreeding, resulting in the production of homozygous
individuals. By extending the definition of a pure line

to all forms whose genes are the same in all individuals

(whether the pairs are homozygous or not), the definition

covers all cases of parthenogenesis that do not undergo

reduction, and all cases propagating by non-sexual means,

for, in these cases the same complex of genes is present

in successive generations.

Many plants are propagated by offshoots, stolons,
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tubers, cuttings, etc. East has studied the effect of selec-

tion of tubers of certain races of the oonunon potato. A
race was. first grown from a single tuber. By boring holes
into the tubers enough material could be obtained for a
chemical test of the amount of nitrogen in them. The
rest of each tuber could, if desired, be cut into pieces of

standard size and planted. Ten tubers, high in nitrogen,

and ten, low in nitrogen, were selected. The tubers of the

next generation showed that there was no relation found
between the amount of nitrogen in the original tuber and
in those that came from it. A repetition of the experi-

Fio. 05.—A wingloss aphid to the left and a winged to the right, both belonging to
the saine speoies. (After Webster and Phillipe.)

ment in another generation gave only meagre results

owing to drought. As far as the facts went, this genera-

tion, too, showed no effect of selection.

Most of the protozoa propagate by dividing into equal

or nearly equal parts—i.e., by a process of cell-division.

Jennings has studied the effect of selection in a culture

of parameciiun, all members of which had descended from
a single individual. No change was induced. Later, how-
ever, working on another protozodn, Difflugia corona,

Jennings found that selection brought about changes in

the direction of selection. In this case, the method of

division may possibly include irregular distribution of the

chromatin material, and the recent work of Hegner indi-

cates that such an interpretation is not improbable. Pos-



208 PHYSICAL BASIS OP HBEEDITY

sibly, too, the irregular distribution of chromatin par-

tides (chromidia) in the cytoplasm—aside from the

nuclear phenomena, or in connection with them—^may

mahe the results similar in certain aspects to tibe distri-

bution of plastids in certain plant cells.

Many species of plant lice—aphids—(Pig. 95, a)

propagate throughout the summer by parthenogenesis.

There is no chromosomal reduction during the develop-

ment of the egg. Each egg gives off only one polar body.

V3 n ffS 46 H7 48 W SO SJ 53. .73 54 SS SB S7 S8 S7 SO SI 0. IIS

Fig. 96.—Curve stowing the non-effeot of selection for the first twelve generations
for increase in body length* the heavy solid lines represent the fluctuations of the fraternal
means; the light solid line the fluctuations of the longest variant; the broken line the
fluctuation of the shortest variant. (After Ewing.)

each chromosome splitting into two daughter chromo-
somes, so that the egg retains the whole number of chromo-
somes. Ewing has carried out an extensive experiment
with Aphis avenee, selecting individuals through a uum.-

ber of generations for the length of the oornicles (honey-

dew,tubes), for the length of the antennae, and for body
length. Considering here only the last, individuals were
selected for forty-four generations in a plus and in a
minus direction. The graph for the fourty-fourth to the

sixty-third generation is shown in Pig. 96, The heavy
solid line represents the fluctuations, of the longest vari-
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ants, th© broken line the fluotuations of the shoirtest

variants. It was found that much of the fluctuation

observed was connected with temperature. The tempera-
ture was therefore kept constant at about 65" P. for the

next twenty generations, and as shown in Pig. 97, the

fluctuation in the fraternal line was out down. No in-

fluence of the selection is observable in flie chart. This

evidence, in conjunction with that for other characters,

shows that no change takes place in the characters of

I I I I I I I I I I I I I i I I I I i I I

18 as « » 25 13 15 « 17 10 7 ao m 15 10 B 6 3 13 1% 9

Fig. 97.—Curve showing the effect of selection for tho socoud sooro of generations.

(See Fig. 06.)

the insect so long as the same group of chromosomes
remains. It would be difficult to find a better example
than these parthenogenetic insects to test the claim that

selection can change the germ-plasm, for here the con-

ditions are even simpler than in unisexual forms unless

they have first been made homozygous.
The aphids also furnish favorable material to illus-

trate how the environmentmay cause very great changes,

even when the genetic complex remains the same. The
parthenogenetic aphids appear often as winged individ-

uals (Pig. 95, &). There is an entire change in structure

involving practically every part of the body. The winged
14
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and •wingless individnals may differ more strikingly than

do spedes of the same genus. The winged forms arising

from the wingless produce wingless forms again in the

next generation that may he identical 'with those from
which they came. It has long been believed that environ-

mental influences bring about these transitions in aphids,

but only recently has critical evidence been obtained. The
clearest evidence is that of Shinji, with the rose aphid.

By sticking twigs of the rose in sand and flooding the sand

with water containing substances in solution—a method
first suggested by W. T. Clarke—^the fluid being drawn
up into the leaves is sucked outby the aphids on the leaves.

As the following table shows, young aphids reared on the

Winged ApterouB
IndividuaU. Inmviduala

AgNO,
CuSo^^

NiSO*
SbCl,
PbCl
SnCl*
ZnOl,
Mg salts

Sugar
Alcohol
Alum
Acetic acid
Na salts

Ca salts

K salts

Sr Salts)

Tannin
Urea
Water, distilled

Water, tap and creek
Peptone

51
34
31

955
41
12

679
49

840
365

2
3

0
2
1

3

1

1

6

0
17

0
1

6

5
5

2
8
2

9
160
288
34
67

1029
433
324
220
14

153
304
461
15

salts of the heavy metals as well as on magnesium salts

and sugar became winged, while those reared on the other
substances in this list remain apterous. Here we have
an excellent example of how in one enviromnent a given
germ-plasm produces one result, and in another environ-
ment a different result -without any intermediate forms.
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The change from •wingless to winged aphids is far greater

than most mutational changes that we know, yet must
involve a different kind of change because the result is

reversible, while a mutation, having once taken place, is

relatively irreversible.

Summing up, it may be said that the evidence shows
that whenever the same chromosomal complex containing

the same genes is found, the measurements of any charac-

ter in successive generations show the same frequency

distributions of the measurements, and the form may be
said in a general sense to belong to a pure line. The
evidence shows that whether the chromosomal complex is

heterozygous or homozygous, the results are the same,

so far as the pure line is concerned; but it is also obvious

that in most animals and plants, where redistribution

(reduction) of the chromosomes takes place in each gen-

eration, only forms already homozygous will give pure

lines. This was the special feature of the material that

Johannsen worked "with, but aside from its practical value

in studying the selection problem, the limitation of the

definition of pure lines to such an exceptional situation

leaves out of sight the "wider hearing of the evidence.
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This evidence failed, however, in so far as there might
be present a certain amount of nuclear plasm in the sperm-
head that is carried in with the head, and if so, would he
later mixed with the egg cytoplasm. The discovery that
at the base of the sperm-head there is present in some eggs
a eentrosome that becomes, thi'ough division, the dynamic
centre of the next division, opened the door to suspicion
that the speim. might bi'ing in other things than the chro-

mosomes to influence development, and hence heredity.

In conclusion then, while it may be said that the evi-

dence that the sperm-head alone enters the egg may be
claimed as favorable for the chromosome view, it cannot
be accepted as critical proof, because it is uncertain
whether other things also may not be brought in besides

the chromatin of the sperm.
Boveri's evidence for chromosomal heredity from di-

speimic sea urchin eggs was ojoen to less objection. It was
known that when two sperms enter the sea urchin's egg
simultaneously, the first division of the egg is into three

or into four parts, because four (instead of two) division-

centres appear in these dispermic eggs. It was also known
that these eggs rarely produce noimal embryos or larvje.

Boveri, studying the mode of division of the dispermic

eggs, found that there was an irregular distribution of

the chromosomes to the three or four poles that appear,

and consequently to the three or four resulting cells
(
Fig.

98). The abnonnal development of the whole egg that

generally follows might be ascribed to the irregular dis-

tribution of chromosomes to different regions
;
for, quite

apart from the specific nature of each chromosome or

group of chromosomes, the activity of one region being

quantitatively different from that of a corresponding

region in another part of the egg might be responsible for

the failure to develop normally. But Boveri went further

in his analysis. He shook apart the throe or four blasto-

meres coming from dispermic eggs (by using lierbst’s

calcium-free sea-water method), and compared the num-
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ber that developed into normal plutei with the number
of plntei from one-fourth normally fertilized blastomeres.

Prom the latter a large proportion give rise to normal

embryos, from the former normal embryos are rarer.

Their greater rarity, Boveri thought safe to attribute to

the chromosomal deficiencies present in most of such iso-

Fxq. fiS.'~Solieme showing dispermic fertilisation of the egg of the sea urchin with the
subsequent irregular distribution of the chromosomes. (After Boveri.)

lated blastomeres. He suggested that the chance of a

blastomere developing normally depends on its having
at least one full set of chromosomes. For these triploid

sea urchin eggs with three times 18 chromosomes, the

chance of one fuU set of chromosomes getting into each
blastomere is, according to Boveri ’s calculation, only one
to 10,000, The chance of getting at least one chromosome
of each kind in one cell is greater. He concluded that the

few embryos he obtained came from quadrants that had at

least one haploid set of chromosomes. There is, however.
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to-day some uncertainty concerning the assumption that
normal development is to be expected if in addition to
one haploid set of chromosomes other chromosomes are
also present, because while one set alone might permit
normal development, it is by no means certain that if

there were one, two, or more additional chromosomes, the
balance might not be upset and abnormal development fol-

low. On chance distribution alone the isolation of just one
set and no more would seem a very remo’te possibility.

Fio. 00.—First division of a hybrid egg showing the elimination of chromoaomes at the
equation of the spindle* a. The reciprocal cross, t, shows no such elimination. (After Baltzor)

.

but if there is to some degree a tendency for a group of

daughter chromosomes to move off together as a result

of their method of division, there might be a better chance
of such a group getting into one of the three or four
blastomeres than by chance distribution alone. At pres-

ent it is not possible to mate any calculation based on such
an assumption. While, therefore, BoverUs argument can-

not be accepted as demonstrative, yet it has probability

in its favor.

Baltzer has found a different kind of evidence of

chromosomal influence. When the eggs of one sea urchin,
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Strongylocentrotus, are fertilized by the sperm of another

sea urGhin, Sphaerechimis, the segmentation nnclens,

formed by the union of the egg- and sperm-nuoleus shows

irregularities in the movements of the daughter chromo-

somes to the poles of the spindle. ‘While some of the

chromosomes after dividing pass normally to the poles,

others become scattered irregularly between the two poles

and fail to become incorporated in the two-daughter nuclei

(Fig. 99, a). They appear to become lost and tahe no

Fiq. 100.—^Fertilization of an egg that had started to develop parthonogenotioally.
The belated sperm unites with one of the daughter ohromosomoB groups only, o; an
earlier condition of the same proecdure. (After Horbst.)

part in the further development. Counts of the chromo-

some plates in the later divisions of the egg give about

21 chromosomes, whereas ^6 are expected as the whole
number. It appears that 15 olirpmosomes are lost, and
presumably they belong to the foreign sperm. Many of

these eggs develop abnormally, but those that reach the

pluteus stage show a maternal skeleton only. This seems
to mean that the sperm has done no more than start the

development. It has contributed nothing, or little, to the

embryo, and it seems reasonable to attribute this to the
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loss of the paternal ohromosomes, especially in the light

of the reciprocal cross.

In this redproeal cross, the egg off SphsrecJmms
is fertilized by tho sperm of Strongylocentrotus. All

the chromosomes of the segmentation nndens divide

and pass regularly to the two poles (Pig. 99, b). The
hybrid embryo shows characters of both parental species.

IJ'iG. 101.—Larval eoa urchin soon in aide view. On ono aUlo it ahowa hybrid ohariiotors,

on tho othor side it in nintornal. Tho BiaoB of tho nuckii on thcao two aidcB, as Boon in the

fiffuro, ooinoido with tho view that tho hybrid side is diploid iiiul tho maternal aide haploid.

After Ilorbst.)

The difference in tlio two eases can be safely attributed

to the observed differences in the fate of the chromosomes,

rather than to unrecognized differences in other elements

brought in by the sperms.

Herbst^s experiments contribute further evidence in

favor of the chromosome interpretation. He caused the

unfertilized eggs of a sea urchin to begin to develop

parthenogeneticaEy by adding a little acid to the sea

water. After five minutes the eggs were removed to pure

sea water, and sperm of another species, Strongylocerh
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trotuSj was added. The sperm entering the egg after its

nnolens had started to divide, failed to reach the egg
nucleus until the latterhad divided (Pig. 100 ) . The sperm
nucleus then formed a nucleus of its own, that passed into

one only of the daughter cells. This cell got two nuclei.

The other cell had only one of the daughter nuclei. Such
half-fertilized eggs give rise to larvae that are maternal
on one side, and hybrid on the other—or at least larvae

of this kind are sometimes found in such cultures (Pig.

101), and Herhst believes it is safe to refer them to the

half-fertilized eggs. If so, there can’be little doubt that

the hybrid half owes its peculiarities to tlie presence of

both sets of chromosomes in its cells, while the maternal
hailf owes its peculiarities to its single set of maternal
chromosomes. This in itself, however, shows little more
than do whole hybrids and whole parthenogenetic eggs

themselves, for the demonstration that it is the chromo-

somes and not other constituents of the sperm-nucleus

that make the difference in the two sides rests on the

unproven inference that if other things than the nucleus

are involved they would be distributed equally throughout
the cytoplasm, but produce no effects. There is no reason

to suppose that they would be so distributed, and no evi-

dence that they are. Hence the proof is not cogent, how-
ever probable it may seem that only the sperm-nucleus is

responsible for those cases where there is a difference

in the two. sides.

On the whole, then, while I am inclined to give much
weight to this evidence from experimental embryology as

ver}’- favorable to the hypothesis that the chromosomes
carry the hereditary characters, it is the genetic evidence

that furnishes convincing evidence in favor of this view.
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CYTOPLASMIC INHERITANCE

In the preceding pages so much emphasis has been
laid on the chromosomes as bearers of the hereditary

material that it may appear that no very important r61e

is left to the rest of the cell. Such an impression would be
quite misleading; for the evidence from embryology
appears to show that the reactions by means of which
the embryo develops, and many physiological processes*

themselves, reside at the time in the cytoplasm. Further-
more, there is also genetic evidence to show that certain

forms of inheritance are the outcome of self-perpetuating

bodies in the cytoplasm, most of which go under the name
of plastids. Recognition of plastid inheritance carries

with it the idea that if there are such materials in the

cytoplasm that ai-e self-perpetuating they will have to

be taken into account in any complete theory of heredity.

In the case of certain chlorophyll characters there is

excellent genetic evidence to show that a peculiar kind of

inheritance is due to the mode of transmission of plastids

in the cytoplasm. There is a race of four-o ’clocks known
as Mirahilis Jalapa alhomaculata, whose leaves ai‘e made
up of patches of green and white. Such leaves are said

to be checkered' {B"ig. 102, b). The amount of green, or of

white, varies on different leaves, and on such plants there

frequently appear leaves and entire branches that are

green and otlxers that are white. The white is due to the

absence of green in the chlorophyll grains. Some cells

have only green chlorophyll bodies, and others only white,

still others may have the two mixed in various amounts.

Correns lias shown that if the flowers on a green

branch are self-fertilized they produce only green plants,

and these again only green plants. Flowers on white
219
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branches give only white offspring. Plowei'S on the check-

ered branches give some checkered plants, some white

plants and some green plants. The proportions in which
these different types arise varies according to the amount
of green in the branch from which the self-fed seed came.

When the ovary of a flower on a green branch is fertil-

ized by poUen from a white branch, the plant produced

is green like the maternal branch. If the ovary of a

flower on a white branch is fertilized by pollen from a

PiQ. 102.—Greon leaf and choolcered leaf of four-o'c.lock. (After Bnur.)

green branch the offspring is white like the maternal
branch. These and other combinations show that this

color inheritance is only through the mother. The results

are explicable on the assumption that there are normal
(green) chlorophyll bodies and abnormal ehlorophylless

bodies, both kinds propagating in the cytoplasm by divi-

sion, and that these two kinds are transmitted only through
the egg-cell. The green or white color of the leaves of a
given branch is an index of the kind of chlorophyll body
that the ovaries will probably contain. At each division

of the body-cells the chlorophyll grains present in it are
sorted out more or less at random—hence from a cell that
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contains both, kinds, more white grannies than green ones
may at times get into a cell, and at other times only white
grannies will get into one daughter cell, so that a white
branch arises.

In other species of plants that have white leaves and
branches and green leaves and branches, the cross may
give a different result. Thus in Melcmdrvuin and Antirrhi-
num, green by white gives green F^ (whichever way the
cross is made), in there are 3 green to 1 white plant.
In this ease the results can be explained as due to the
action of genes in the chromosome on the production of
chlorophyll in the cytoplasm—an action of such a kind that

Fio. 103.—Polargoniiun that guvo riao to a white brannh. (After Baur.)

the granules do not develop green color unless the (nor-
mal) gone is present, in single dose at least. In this case,

even if the eggs only transmit plastids, the Fi individual
from a white-leaved mother by a green-leaved father is

green, because the paternal nucleus inti'oduces a gene
that causes the green color to develop in the plastids. It

is the segregation of the genes in the germ-cells of the Fi
individual that leads to the 3 : 1 ratio in F^, and not the
distribution of the plastids as in the preceding case.

The most peculiar ease is that of Pelargonmm de-

scribed by Baur. "White leaves and bi'anches, and green
leaves and branches occur on the same plant (Fig, 103).

Self-fertilized seeds from each breed true to color of

branch. "White to green gives a different result, vie.,
s *
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mosaio seedlings with patches of green and white on stems

and leaves (Pig. 104). When these seedlings grow into

plants, the color of t^he leaves will depend on the color

of that part of the stem from which the terminal bud, and

lateral buds grow out. If a bud lies in a green part of the

stem the new part will be green (Pig. 104, a ) : if the new
bud lies in a white part of the stem the new part will be

white (Pig. 104, c)

:

and if it lies in a partly green, partly

white region the new part will have some white, some

it d c

Fia. 104.—Diagram to show how a soctorlal chimera may bo produced. If the ter-

minal bud has come from a region of the seedling entirely green, ail of th©^ future leavee
will be green, a; if from a region without chlorophyll, all the future leaves will bo white, c;

but if the terminal bud lies partly in one, partly in the other region, some white and some
green leaves will arise, b. (After Baur.)

green parts (Pig. 104, &). The only explanation that is

suggested by Baur is that in this plant tbe plastids are

transmitted both by the egg and by tbe pollen. The white

plant with defective plastids contributes part of the plas-

tids in the fertilized egg, the green plant with normal
plastids the other part. The fertilized egg contains there-

fore both kinds of plastids. During division of the egg and
embryo, the granules become irregularly distributed in

tbe cells. Whenever a cell gets only defective granules,

it and its descendants are white, producing white parts

:

when a cell gets mostly or only green granules, it and its

descendants are green, prodndng green parts. Hence
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arise the dieekered seedlings from which white or green
branches grow out.

The preceding facts and theories, relating to plastid

inheritance show that if any element outside ttie nucleus

has the power to propagate itself it may be transmitted

through the egg, and even possibly through the sperm
(pollen) also. There is no contradiction here in any
sense to Mendelian inheritance but only an additional type

of inheritance that can be studied by as exact methods
as those used in Mendelian work. The chief difference

between chromosomal and plastid inheritance lies in the

orderly sequence of the distribution of the genes in all

divisions by means of the mitotic figure, whereas the plas-

tids are supposed to be shuffled about at random to the

daughter cells (partly because their division period does

not correspond with that of the cell). This haphazard
distribution of the plastids at any and aU divisions is in

striking contrast to the sorting out of the genes that occurs

only at one specific cell-division when the germ-cells pass

through the maturation stage. Hence the orderliness of

Mendelian inheritance as contrasted with the more irregu-

lar pi'ocedure in plastid inheritance.

To embryologists familiar with the fact that differen-

tiation of the egg is closely associated with the cleavage

pattern, it was a natural inference that in the cytoplasm

lay the inherited characteristics that gave form to the

embryo, and even to all of its essential features. Little

room would seem to be left for the action of the chromo-

somes except to fill in the details of the characters already

outlined by cytoplasmic activity. This view might be la-

conically referred to as the theory of the “Embryo in the

Bough,” or more generally as the “Theory of the Organ-

ism as a Whole.” Boveri discussed some such view

(1903), and at first considered it favorably. It has since

been seriously discussed by others. Boveri pointed out

that when a horse is crossed to an ass it makes no differ-

ence which way the cross is made, for both egg and sperm
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bring in the oharaoteristics that mahe the organism lirst

a bilateral one, then a vertebrate, then a mammal, and,
lastly, a perissodaotyl. In all these aspects, both parents
agree, and beyond these limits hybridizing is impossible.

Whatever the germ develops into must contain these com-
mon characters. The important point to determine,

Boveri thought, is whether the species characteristics are

or are not in the nucleus. He concluded, after discussing

the pros and cons, that it is doubtful if these preformed
qualities of the egg-protoplasm extend beyond the larval

periods, but that in general all oharaoteristics that distin-

guish the individual from all other's of its species and
from the characteristics of related species are inherited

through the chromosomes. Later he restated his con-

clusion as follows: “All essential characteristics of the

mdimdual and of the species are epigenetic, and the deter-
^

mination is brought about through the nucleus. ’
’ Conklin

at one time expressed even more sharply the idea that

group characteristics may be inherited in a different way
from specific characters in the following paragraph:

We are ventebrates beoanee onr motliers were vertebrates arui pro-

duced eggs of tbe vertebrate pattern; but the color of our skin oud
hair aud eyes, our sex, stature, aud meutal peculiarities were dotenuiued

by the sperm as well as by the egg from wbicb we came. There is

ervidenice that the ebrenuosomes of tiie egg and sperm are the seat of
the difOereuitial factors or determiners for Mendeliau aharaetera, while

the general polaritj, symmetry and pattern of the embryo are deter-

mined by the cytoplasm of the egg.

In another statement, however, Conklin takes what
seems to me to be more nearly a correct view in regard to

the question, 'tm., that ‘
‘ There is no doubt that most of the

differentiations of the egg cytoplasm have arisen during
the ovarian history of tbe egg, and as a result of the
interaction of nucleus and cytoplasm; but the fact remains
that at the time of fertilization the hereditary potencies
of the two germ-cells are not equal, all the early stages of
development, indnding the polarity, symmetry, type of
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cleavage, and the pattei’n, or relative positions and pro-

portions of future organs, being foreshadowed in the cyto-

plasm of the egg-cell, while only the differentiations of

later development are influenced by the sperm. In short,

the egg cytoplasm fixes the general type of development,
and the spenn and egg nuclei supply only the details.”

If, as implied, the egg nucleus at first has already pro-

duced its efl-'ect on the cytoplasm, it has done something
more than supply the details

;
and as to the sperm nucleus

I should substitute nearly all the stages of development
later than the gastrula. Moreover, sex is certainly one

of the fundamental characters of the organism, yet it

appearsi to be detennined at fertilization by the chi'omo-

somal combination formed at that time. Conklin later

abandoned his earlier interpretation.

Quite recently, in his book on “The Organism as a

Whole,” Loeb has discussed the question as to whether

the pi-otoplasm of the egg is “the future embtyo in the

rough, ’
' the spemi furnishing only the ‘

‘ individual charac-

ters.
’ ’ Loeb suggests that the ‘

‘ specificity of the species ’ ’

must be due to their proteins, and that the ‘
‘ heredity of the

genus is determined by proteins of a definite constitution

dilferiiig from die proteins of other genera. This consti-

tution of the proteins would therefore be rosponsible for

the genus heredity. The different .species of a genus have

all the same genus proteins, but the proteins of the species

of the .same genus are apparently different again in oliemi-

eal constitution and hence may give rise to the specific bio-

logical or immunity I'oaotions.
' ’ The possible relations of

these c.onsiderations to heredity are summed up in the

following paragraph;

It is tlius duubU'iil wheLliur or not any of the constituonte of the

iiueleus eontribUfto to the d0lerrniiui.tioii of the speeies. This in its

iiliimjirf-jt cousequetiees mij^ht load to the idea, tluit the Meaidolian chan^
teiB whieli are etiimlly ti'anwuittod by ofjg and spownatosiodii detewnino

the individual or variety heredity, but not the Konua or speoios heredity.

It is, in our pxveent state of knowledge, imposBiblo to (mmkio a spermato-

15
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zoon to develop inito an embryo, while we can induce the egg to develop

into an embryo without a spermatozoon. This may mean that the

protoplasm of the e^g is the future embryo, while the chromosomes of
both egg and sperm nuclei furnish only the individual characters.

The evidence from Mendelian heredity is adverse to

any snch distinctions as, those made hy the three authors

referred to above. We find in them, I think, an echo of an
old and somewhat mystical conception of fundamental dis-

tinctions between order, family and generic characters

of animals and plants—'distinctions that even most syste-

matic writers recognize to-day as little more than conven-

tions that change from group to group. In the second

place, since the cytoplasm of the egg has been nnder the

influence of its own nucleus with a paternal and a maternal
group of chromosomes there is no direct means of deter-

mining whether its dharacteristios are due to such an
influence or have always been free from it. The fact that

sperm of a foreign species does not change the cytoplasm
of the egg at once is to he expected even from a chemical

viewpoint. Mendelian workers can find no distinction

in heredity between characteristics that might be called

ordinal or specific, or fundamental, and those called ‘
‘ indi-

vidual.” This failure can scarcely he attributable to a
desire to magnify the importance of Mendelian hei'edity,

but rather to experience with hereditary characters. That
there may he substances in the cytoplasm that propagate
themselves there and that are outside the influence of tho

nucleus, must, of course, he at once conceded as possible

despite the fact that, aside from certain plastids, all the

Mendelian evidence fails to show that there are such char-

acters. In a word, the distinction set up between generic

versus specific characters or even “specificity” seems at

present to lack any support in fact.
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MATEENAL INHERITANCE

Thbbb is a kind of inheritance shown by eggs and
embryos, sometimes called maternal inheritance, iliat is

not the same as plastid inheritance, even although the lat-

ter is maternal in another sense. Nor is. thia so-called

maternal inheritance to be confused with cases of inheri-

tance in which all or some of the paternal chromosomes
fail to function, leaving the embryo at the mercy of its

maternal set alone. Nor should it be confused with sex-

linked inheritance where the son gets certain characters

only from the mother, because he gets his single sex-

chromosome from her.

“True” maternal inheritance relates to peculiarities

of the egg or larva that are due to materials already pres-

ent in the egg-oytoplasm when the egg is laid. For exam-
ple, if pigment is scattered in the egg, it may collect in

certain regions after fertilization, and produce color in

them, as does the yellow pigment in the egg of Cynthia,

studied by Conldin. In this ascidian, much of the yellow

pignent is carried at the moment of fertilization to that

part of the egg that later goes into the muscle of the tail.

If the sperm used to fertilize such an egg should come
from a species without pigment in ilio egg, the inheritance

of color of the young embryo would obviously be entirely

maternal. In ofises like this one, the formed material,

or any substance producing such materials, is already

present in the cytoplasm, but whether it has always been

free from nuclear influence must be shown by other tests.

In only one cross, vie., in the silkworm, has a third genera-

tion been raised, and until this has been done in

others we cannot know whether we are dealing in them
with plastid or with deferred nuclear influence (“ma-
ternal inheritance”).

227
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In certain races of the domesticated silkworm moth,
Toyama has shown that pigment develops in the em-
hryonio membrane (serosa) which, seen throngh the
egg-shell, gives a specific color character to the embryo.
It is not clear from Toyama’s account whether the pig-

ment is present at first, scattered in the cytoplasm, and
collects later at the surface, or whether it develops only
after the embryo develops. When races are crossed with
characteristic but different embryonic membranes, the
color of the hybrid is- lilce that of the maternal race only.

Pi
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Fig. 105.—Diagram to illustrato matornal inheritanco. Thobliiok cirolo BtnnclH for a dom-
inant character affecting the eeroBii coat of the embryo.

If adults (Fi) are raised from those eggs, it is found
when they in turn produce embryos, that the color of their
embryonic membrane is determined by the dominaiit char-
acter of the preceding generation that had boon carried
in the chromosomes, irrespective of whether it came in
from the father or the mother (Fig. 106 ) . That tlie result
is really chromosomal is shown by still another generation
in which some of the females show the dominant character
in the membranes of their embryos and others no color
in the ratio of 3:1.

It appears therefore in this case, the only one known
that furnishes critical evidence, that maternal inheritance
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ioes not differ in any essential respect from ordinary

MendeUan heredity.

A peculiar case that in some respects and in certain

Bomhinations appears to be maternal inheritance, is

shown in the character of the seed of com {Zea mais).

The endosperm of maize is produced, as in some other

plants, at the time of fertilization—one pollen nucleus

unites with the egg to form the embryo, another pollen

nucleus unites with two nuclei in the embryo-sac to pro-

duce the endosperm whose cells, therefore, axe triploid.

Floury corns have an endosperm, that is almost wholly

made up of cells containing ‘
‘ soft’ ’ starch, while flint corns

h.ave only a small amount of soft starch in the centre of

the seed which is surrounded by a large amount of hard
•‘corneous” starch. Hayes and East have shown that if

a floury com be used as the mother and a flint corn as the

father, the seeds are floury like those of the pure race of

Soury corn. If a flint corn be used as the mother and a

Soury coni as the father, the seeds are flinty. In both

cases there is apparently maternal inheritance, at least

as far as the endosperm is involved, which is not, how-
ever, a part of the embryo proper. If the seeds from races

of the foregoing crosses are sown and the phmts allowed

to self-fertilize, the following results ai'e obtained: The
Fi derived from floury $ by flint S produces both floury

and flint in in the ratio of 1 : 1. The Pi flinty I'eciprocal

cross gives exactly the same result. The explanation of

the Pi and P-j, results is as follows : If the factor for flinty

be F, and that for floury be /, then in the flrst cross the

endosperm is ffF and in the reciprocal cross FFf. Since

ffF is floury and FFf flinty it follows that two doses of

floury dominate over one dose of flinty, and conversely

two doses of flinty dominate over one dose of floury.

The Fi embryo, however, in each of the crosses has

only oneF and one / factor {Ff) . Its gametes are F and

/, and so are its endosperm nuclei which, as shown by

Weatherwax have the same reduced formula as the ovules
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in the embryo sao. Hence half the embryo sacs are F and
half /. The former, F ( -j-F), fertilized by F pollen gives

FFF endosperm, by / pollen give FFf; the latter, / ( +/) >

fertilized by F pollen gives fF endosperm, by / pollen

/// endosperm. The four kinds of endosperm fall into two
dasses, soft and hard, in tte ratio of 1 : 1 in the F^ seeds.

There are races of maize with yellow dominant endo-

sperm and others with recessive white. If the mother
belongs to a yellow race and the father to a white one,

the Fi endosperm is yellow like the mother. In the recip-

rocal cross it is also yellow. If, however, races with floury

seeds are used, the Pi yellow endosperm in the former
cross is somewhat paler than the pure yellow of the yellow

race. Races with purple or with red endosperm crossed to

white give the same results, except that in tiiese crosses the

quantitative effects seen in the floury flint crosses are not

observed, for, one dose of the dominant (purple) to two
doses of white gives the same color as two doses of purple

to one dose of white.

There are two kinds of maize with white endosperm.
These when crossed together give Pi colored endosperm.
In these cases one race has one of the factors for color, and
the other, another complementary factor—'like the two
white sweet peas. There is also a race with a dominant
white endosperm factor. The occurrence of these kinds of

whites led to some confusion in the earlier experiments of

Correns on endosperm inheritance. The word Xenia, that

had earlier a different meaning, is used to-day for these

cases of double fertilization in which the pollen has an
influence on the seed (the endosperm) that is not a part of

the Pi plant itself. East and Hayes sum up the results

given above (exclusive of the floury-flint cross) as follows

;

When two reoes difiEer in a single visible endospeum character in
*

which dominance k complete, Xenia occurs only when the dominant
parent is the malej when they dijSEer in a single visible endosperm
character in which dominance is incomplete, or in two charaotere both
of which are neeessai'y for the development of the visible difference,

Xenia occurs when either k the male.

4|

'



MATERNAL INHERITANCE 231

In oases in which a foreign sperm may start develop-
ment but take no further part in it, the resulting embryo
is like the maternal race. Herewe are dealing not so much
with materaal inheritance, but rather with a special kind
of parthenogenesis . Such eggs, however, rarely go beyond
the cleavage stages.

The rate of cleavage of an egg fertilized by foreign
sperm usually coincides with that of the species to which
the egg belongs. Since the cytoplasm of the egg has, prior
to fertilization, always been under the influence of its own
nucleus, this relation is what might be expected. It is

necessary to study eggs from an Fi generation in such
cases in order to judge how far paternal chromosomes
may influence the cleavage. It is thinkable, for example,
that a spermatozoon might bring in a factor dominant for
rate of cleavage, but because this factor had not had time
to influence the cytoplasm its effect would not show in the

Pi cross. In the Fi, on the other hand, the paternal char-

acter might prove donoinant. Both Driesch and Boveri
have shown in the sea urchin that the rate of cleavage,

the pigmentation, and the kind of gastrulation are entirely

or largely deteimined by the egg—^they differ in opinion
only as to how soon the influence of the sperm can be seen.

At the time when the larval skeleton is formed most
observers agi'ee that the influence of the foreign sperm
makes itself felt. Most of the accounts of the skeleton of

hybrid sea urchins describe it as intermediate in struc-

ture, but one that varies widely under different external

conditions. Tennent has shown, in fact, that the character

of the hybrid larval skeleton is so greatly influenced by
the alkalinity or acidity of the sea water that it can be
artificially thrown towards one or the other side—mater-
nal or paternal. Ijoeb, King andMoore have attempted to

determine whether the larval skeleton has dominant char-

acters in certain parts and recessive ones in other parts.

They crossed the sea urchins, Stronffylocentrotus Francis-

cmus and S. purpureus. Both the straight cross and its
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reciprocal showed neither a great predominance of the

characters of the paternal race, nor of the maternal race,

but rather certain characteristic features of piirpuratus

and others of Franciscanus. The larval characters

appeared to he dominant or recessive taken singly. Until

an Fs generation can he raised it is obviously hazardous
to speak here of Mendelian dominance and recessiveness

of characters that are based on Fj observations alone,

especially since it is becoming more and more apparent
that many Fi characters are more or lees intermediate,

and there are no general grounds for expecting pure domi-
nance or recessiveness.

Many crosses have been made between different species

of fish, and in some of these the young, at the time of hatch-

ing, are maternal. It has generally been supposed that

such eases are due to the absorption of the paternal chro-

mosomes at the first or at later cleavage stages. Loss of

chromosomes has in fact been recorded in several of these

oases of maternal inheritance. On the other hand, Mias
Finney’s observations, summarized in the following table,

Cross Development Results Chromosomal Behavior

Otenolabrua 9 X Fundulufl) Development cases Early mitotic behavior
during gastrulation. is prevailingly nor-

mal.
CtenolabruB 9 X Stenoto-

mns c?> Many hatching em- Early mitoses arc nor-

bryos of the mater- mal.
nal type.

OtenolabruB 9 X Menidia c? Advanced development. Early mitoses arc nor-
mal.

CtenolabruB cf* X Eundulus 9 One liatcliing embryo Abnormal nuclear be-
reported. Many ad- havior occurs,
vanced embryoB-—
maternal type.

CteiiolabruB cf X Stenoto-

mus t Development ceases Abnormal mitosis pro-

during gastrulation. dominant.
Otenolabrua o’ X Menidia 9 Two hatching emibryoa AbnormaJ niitosifl is of

reported. Maternal frequent occurrence,
type.

show that the maternal typemay appear not only when the
early mitoses are abnormal, hut in one case at least when
they are normal. It is quite possible, therefore, that while
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early! loss of the paternal chromosomes may acoonnt for
some of the cases of maternal embryos, there may also

be cases where the chromatin may divide normally bnt
fail to produce any conspicuous effects on the cytoplasm
sufficiently soon to become apparent in the young fish.

In this coimection the tobacco crosses described by
Q-oodspeed and Clausen may be recalled. In these cases

it was a particular group of chromosomes, regardless of

whether it was of paternal or of maternal origin, whose
“reaction system” dominated in the F, hybrid.



CHAPTER XIX

THE PAETICULATE THEOEY OP HEEEDITY AND
THE NATTJEB OF THE Q-BNE

The attempt to explain biological phenomena by means
of representative particles has often been made in the

past. The snperficial resemblance of the theory of the

gene to some of the older theories, long since abandoned,

has famished the opponents of the Mendelian theory of

heredity an opportunity to injure the latter by pretending

that the modem idea of the gene is the same as the older

ideas of Herbert Spencer concerning physiological units,

of Darwin relating to pangenes, and especially of Weis-
mann about biophors. There is no need fo^r such con-

fusion, for even a little knowledge of the evidence on which
the old and the new views rest ought to have sufficed to

make evident some important and essential differences.

It need not be denied, however, that there is an historical

connection between the mediaeval theory of preformation
and the particulate theory of heredity. Bonnet, one of the

best known adherents of preformation, believed at first

in “whole” germs, but later admitted that pieces of germs
might be stowed away in regions of the body likely to be
injured. ‘Weiamann, also, the most prominent modem
adherent of preformation, held that whole germs, ids, are

present in the germ-plasm, each standing for a whole
organism—each (or most or one?) becoming unravelled as

the embryonic development proceeded. In fact, Weis-
mann’s entire theory was invented primarily to explain

embryonic development rather than genetics. Its connec-

tion with the modem idea of the germ-plasm is little more
than an analogy—^for reduction in Weismann’s original

234
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sense meant the sorting out of the wholes of ancestral
germ-plasms with which he peopled the chromosomes.^

The danger of any appeal to a theory of representative
particles obviously lies in the ease with which by its means
any phenomenon might be accounted; for, if the theorizer
is allowed to endow the particles with any and all the
attributes that he wishes to use in his explanation. It

was because Bonnet, Spencer, and Weismann assigned
arbitrarily attributes to the ultimate particles of living

matter, that these views appear to-day highly speculative.

The different kind of evidence to which the modern theory
of the gene appeals is what I wish to emphasize here.

The Evidence eor the Q-enb

The evidence that Mendelian inheritance rests on the
distribution of separate elements has already been given.

The numerical results obtained in the second generation
from any Mendelian cross involving a pair of contrasted

characters, find their explanation on the assumption that

the two original germ-plasms (or some element in them)
separate cleanly in the germ-cells of the hybrid. Tested
by back-crossing the assumption is verified. Eeoombining
the Pi, Pi, Pa individuals in ,all possible ways also gives

results consistent with the very simple assumption that

whatever it is that causes one race to produce one charac-

ter, and another race another character, the two separate

in the hybrid in sudi. a way that equal numbers of germ-

eeUs of each kind are produced. Up to this point the

results do not tell us whether the two germ-plasms separ-

ate as wholes—one from the other—or whether only some
part or parts behave in this way. But when two or more

‘The nominial adojptioa (1004) toward the end of his career of heredi-

taiy units in the Kjendelian sense did not go deep. Weismann still adhered
to hiA view of dissociation of the ids as their most characteristic feature--*

^e only one in fact for which they were originally invented. The evidence

on which Mendelian units rest has nothing whatever to do with this

cardinal doctrine of Weismann's teaching.
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pairs of contrasted characters are involved in the same
cross, we get further information as to the situation.

For example, Mendel showed that when peas that are

both yellow and round are oi'ossed to peas that are both

green and wrinkled, there appear in the generation not

only the original combinations, but also recombinations of

these, vis., yellow and wrinMed; and green and round
(Pig. 106). Here also the numerical results 9: 3: 3:1
can be explained on the theory that the representatives

of each pair of characters separate in the germ-plasm,

and tiiat the separation of each pair is independent of

what talces place in the other pair. Obviously it can no
longer he whole germ-plasms that separate, but there

must be different pairs of elements in the germ-plasm that

assort independently of each other. It has been found that

this prmciple of independent assortment may apply to a

considerable number of pairs of characters segregating at

the same time. The only restriction that is found is in

the ease of linked pairs of characters. This relation will

be considered later.

The independent assortment of the pairs of characters

proves that the elements, that stand for the characters in

the two original germ-plasms may separate from each

otlior. If each such pair of characters represented one

of the pairs of homologous chromosomes, the evidence, so

far considered, would be in accord with the view that the

chromosomes were the ultimate units involved in the proc-

esses of segregation and assortment. The chromosomes
are, as has been shown, independent units in the germ-
plasm. But as Drosophila shows, there are many more
pairs of characters than there are pairs of chromosomes.

It is obvious that if the chromosomes are the ulti-

mate units involved, and remain intact, there could be no
more mdependeM pairs of characters than there are pairs

of chromosomes. In animals and in plants there are

no oases known where there are more independent pairs

than there are chromosomes, so that, as has been pointed
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out in another conneotion, this evidence may also he
appealed to as favorable.

The behavior of linked pairs shows, however, that the

analysis must be carried further, because, despite linkage,

the elements that went in together may be separated. The
evidence shows that while some linked genes separate

almost as freely as do independent genes, so that their

linkage to each other can only be safely determined by
their relation to certain other genes, other linked genes

may separate not once in a hundred times, or even less

often. Between these extremes all intermediate linkage

values are found. These results indicate that the chromo-

somes do not represent the ultimate elements that may be
separated out of the original complex (germ-plasm).

We are led, then, to the conclusion that there are ele-

ments in the germ-plasm that are sorted out independently

of one another. The Drosophila evidence shows at least

several hundred independent elements, and as new ones

still appear as frequently as at first, the indications

are that there are many more such elements than those

as yet identified.

These elements we call genes, and what I wish to insist

on is that their presence is directly deducible from the

genetic insults, quite independently of any further

attributes or localizations that we may assign to them.

It is this evidence that justifies the tJieoiy of partic-

ulate inheritance.

So far as representative elements in the germ-plasm

are concerned, we might be content to rest the case on the

preceding analysis of the results
;
but recent work has now

advanced far enough to tempt us to assign furthen attri-

butes to the genes than those deducible from the preceding

analysis alone. Some of these attributes may appear

better established than others, but, aU together, they give

a consistent body of data, and have therefore a certain

value and use.
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It has been pointed ont that the evidence shovrs not

only that the genes are carried by the chromosomes, but

that there may be interchanges between paternally-

derived and maternally-derived chromosome pairs. The
evidence shows that this interchange is a normal feature

of the germ-cell, and not peculiar to hybrids, or to a
heterozygous condition of the pairs.

This analysis leads then to the view that the gene is

a certain amount of material in the chromosome that may
separate from the chromosome in which it lies, and be

replaced by a corresponding part (and by none other)

of tte homologous chromosome. It is of fundamental sig-

nificance in this connection to recognize that the genes

of the pair that interchange do not jump out of one chro-

mosome into the other, so to speah, but are changed
by the thread breaking as a piece in front of or else

behind them, but not in both places at once, as would
be the case if only a single pair of allelomorphs were
involved each time.

That the gene does not stand for the whole length of

the chromosome between two other known genes is shown
by the fact that new genes arising by mutation in the inter-

mediate region do not siffect the character of the gene
already known. This fact recurring continually in Droso-
phila, where new mutations frequently appear, reassures

us that the idea of the gene as a very small part of the

thread is a legitimate conclusion, even if we can not tell

how large or how small that region is.

1. The Manifold Effects of Each Gene
If we examine almost any mutant race, such as the

race of white-eyed Drosophila, we find that the white eye

is only one of the characteristics that such a mutant race

shows. The productivity of the individual is also much
affected, and the viability is lower than in the wild fly. All

of these peculiarities are found whenever the white eye

emerges from a cross, and are not separable from the
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white-eyed condition. It follows that whatever it is in

the germ-plasm that produces white eyes, also produces

other modifications as well, and modifies not only such

'‘superficial" things as color, hut also such “fundamen-
tal" things as productivity and viability. Many examples

of this manifold effect are known to students of heredity.

It is perhaps not going too far to say that any change

in the germ-plasm may produce many kinds of effects on

the body. Clearly then the character that we choose to

follow in any case is only the most conspicuous or (for

purposes of identification) the most striking or convenient

modification that is produced. Since, however, these

effects always go together, and can be explained by the

assumption of a single unit difference in the germ-plasm,

the particular difference in the germ-plasm is more sig-

nificant than the character chosen as its index.

2. The Vamabilixy or the CAabaoteb. is Not Due to the

CoEEBSPONDING VaEIABILIXY OE THE GeHE

All characters are variable, but there is at present

abundant evidence to show that much of this variability

is due to external conditions that the embryo encounters

during its development. Such differences as these are not

transmitted in kind—^they remain only so long as the

environment that produces them remains. By inference

the gene itself is stable, although the character varies
;
yet

this point is very difficult to establish. The evidence is

becoming stronger nevertheless that the germ-plasm is

relatively constant, while the character is variable.

3. Chaeaotees That abb Inuistihguishable May be the
Pbobuot or DirrEBEHT Q-eneb

We find, in experience, that we cannot safely infer

from the appearance of the character what gene is pro-

ducing it. There are at least three white races of fowls,

produced by different genes. We can synthesize white-
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eyed flies that are somatically indistiaguishahle from, the

ordinary white-eyed race, yet they are the combined prod-

uct of several known color-producing genes. The purple

eye color of Drosophila is practically indistinguishable

from the eye colors maroon and garnet. In a word, we are

led again to units in the germ-plasm in our final analysis

rather than to the appearance of a character.

4. InrEBENOE That Each Chauaoteb is the Pboduot op

Many Q-bhes

We find that any one organ of the body (such as an
eye, leg, wing) may appear under many forms in different

mutant races as a result of changes of genes in the germ-
plasm. It is a fair inference, I think, that the normal
units—^the allelomorphs of the mutant genes—^also often

affect the same part. We have found about 50 different

factors that affect eye-color, 15 that affect body-color, and
at least 10 factors for length of wing in Drosophila.

If, then, it is a fair inference that the units in the wild

fly, that behave as Mendelian mates to the mutant genes,

also affect the same organ that the mutant gene affects, it

follows that many genes, and perhaps a very large num-
ber, are involved in the production of each organ of the

body. It might perhaps not be a very great exaggeration

to say that every gene in the germ-plasm affects several

or many parts of the body; in other words, that the whole
germ-plasm is instrumental in producing each and every
part of the body.

Such a statement may seem at first hearing to amount
almost to an abandonment of the particulate conception

of heredity, but on the contrary, the statement conveys a
very important idea in the modern conception of the

nature of the genes and the way, they act
The essential point here is that even although each of

the organs of the body mojf be largely a product of the

entire germ-plasm, yet this germ-plasm is made up of
units that are independent of each other in at least two
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respects, viz., in that each one may change {m/utoute) with-

out the others changing, cmd in segregaiion and in crossing

over each pair is separable from the others,

5 . “The Oeganism as a Whole,” oe The Collbotivb
Actiok oe the G-bstes

Several writers have stated their objeotions to the

particulate theory of heredity on the grounds of their

belief that the organism is a “whole.” If this phrase is

intended to mean that there is some sort of an entity or

entelechy that directs all processes that go on in each
living thing, there is little to be said here, except that

this very old idea has not been found profitable as a

working hypothesis. It is improbable, however, that

many biologists mean to appeal to any such vitalistic

agency when they speak of the “organism as a whole,”
but have rather some other idea in mind. I am inclined to

think that certain phenomena of embryonic development
are responsible for the slogan of the “organism as a

whole.” In the segmentation of the egg the entire chromo-
somal complex is distributed to every cell in the body.

Each cell inherits the whole germ-plasm. How then it

may be asked can the result depend on the particular

make-up of its chromosomes rather than on the action of

the whole material?

Granted that we know very little about the interactions

between the cells that cause some of them to differentiate

in one direction, others in other directions, yet if one fer-

tilized egg should begin its development with one kind of

material, and another egg with a different material, should

we not expect the end products to be different, irrespective

of the way in which the materials were present in the

original egg? No matter where the differences may lie,

i,e., whether in the nucleus or in the cytoplasm, tibere is

nothing here in any way inconsistent with this particulate

theory of the composition of the germ-plasm. On the

contrary, the only conclusion that seems at all reasonable

16
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is that if differences are present at the beginning, the end
product is expected to be correspondingly different. So
much is dear. But why, it may still be asked, are not two
organisms that are different at the start, if only in some
one difference, different later in every part, rather than
in only some one small part such as in a red or in a white
eye. The answer is, of course, that the first difference

Was such that it affected principally a particular process,

viz., the formation of the red pigment of tiie eye, and to

a less degree, or not at all, other chemical processes. This

seems to me an entirely consistent view.

Perhaps the difficulty in accepting the particulate

theory lies in the erroneous idea that the specific effect

comes into 'action only at the moment when the red pig-

ment is about to form. But no one has, soi far aa I know,
made such a claim. It may be true, but it has not been
proven, and is moreover not in any way essential to the

assumption of the particulate theory. On the contrary,

as our knowledge of Mendelian heredity has increased

many eases have been found where a special factor-differ-

ence affects not only one part of the body but many parts.

It is true that the particulate theory as; held at one time
by Eoux and for a long time by Weismann was used to

explain the differentiating changes in the segmenting
egg and embryo in the sense that development was looked

upon as a process that resulted immediately in the sorting

out of the inherited chromosomal particles to the differ-

ent parts of the organism. Differentiation resulted in the

sorting out of particular genes to. particular groups of

cells whose development they controlled. But the cyto-

logical evidence in regard to the chromosomes gave no
evidence in support of the view, and the evidence from
the experimental study of embryology seemed to entirely

disprove any such basis for the developmental phe-
nomena. In fact, Eoux himself abandoned this iView

in the light of the brilliant experiments of Drieseh and
of other embryologists.
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Our present conception of the relation of the germ-
plasm to developmental phenomena has then only a most
superficial resemblance to the older theories. The newer
point of view may he summed up in a few words, and has
in fact been stated already. First, that each gene may
have manifold effects on the organism, and second, that
every part of the body, and even each particular character,

is the product of many genes. The evidence for these two
conclusions has been so repeatedly referred to in the pre-
ceding pages that it is not necessary to go over it again,
but it may be worth while to emphasize that these two
conclusions are not pure speculations, but derived from
the evidence itself. It may also be well to point out that
even if the whole germ-plasm—^the sum of all the genes

—

acts in the formation of every detail of the body, still

the evidence from heredity shows that this same material
becomes segregated into two parts during the maturation
of the egg and sperm, and that at this time individual

elements separate from eaclj other largely independently

of the separation of other pairs of elements. It is in this

sense, and in this sense only, that we are justified in speak-

ing of the particulate composition of the germ-plasm and
of particulate inheritance.

There is a further idea deducible from well-known

facts of physiology that may at first sight seem to give

an impression that the organism is a “whole.” This

is the action of one part of the body on other parts by
means of substances set free in the blood, called hor-

mones. Many of them arise through the action of certain

so-called endocrine glands. But the relation here is so

obviously different from the problem dealt with as par-

ticulate inheritance that it calls for little more than

passing notice. It may, however, not be without interest

to refer to one case of the kind in which an endocrine

secretion depends on a genetic factor inherited in the

same way as are other genetic factors. There is a race

ojf poultry known as Sebrights (Pig. 107, a) in which the
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males are always hen-feathered. This means that the

feathers of the neck and back and the tail coverts of the

Sebright cock are nearly like those of the hen of this

breed, and not long and pointed as in the ordinary cock.

When Sebrights are crossed to game bantams (whicli

have ordinary males), the males are hen-feathered.

When these are inbred the two types reappear in the

males. One, or probably two, Mendelian factor differ-

ences account for the results.

It has been shown that when the testes are removed
from the Sebright male, he then develops at the next moult
(or at once if some feathers are plucked out) the long

and highly colored feathers of the ordinary male (Fig.

107, 6). It is probable, therefore, that the testes of the

Sebright produce an internal secretion that inhibits in the

male the full development of certain feathers. This makes
him like the hen, and in this connection it is interesting to

note that when the ovary of a hen of an ordinary breed is

removed she also develops the full plumage of the cock, as

Coodale has clearly demonstrated. Whether the testes of

a male are of the sort to develop this inhibiting substance,

depends on the presence in the cells of the testes of certain

genetic factors. These factors are present, presumably,
in all the cells of the body, but if they are, their activity

is ineffective in the absence of secretions produced by the

testes, as is shown by the castrated Sebright becoming
cock-feathered. Whether this substance belongs in the

heterogeneous group of substances called hormones

—

defined by the kind of action they produce rather than by
any chemical peculiarity—or to the groups of enzymes
that have a more or less specific action, caimot be stated.

The foregoing discussion touches upon the question as
to whether there is any evidence that the genes themselves
are to be regarded as enzymes.* In almost all of the

* Inadequate as is our knowledge of the physico-chemical processes that
go on in development, it is enough to indicate that many processes are
at work.
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recent papers (Beijerinck, Riddle, Q-oldsohmidt) that

touch on this question it is argued, from the evidence of the

specific enzymes supposed or demonstrably involved in

the production of some final stage in the chemical reaction

that leads to the character in question, that the gene itself

is the same specific enzyme. The argument shifts back

and forth from unit-character to unit-factor. The reason-

able position to take in this matter is, in my opinion, that

stated by Loeb and Chamberlain (1915), “The hereditary

factor in this case must consist of material which deter-

mines the formation of a given mass of these enzymes,

since the factors in the chromosomes are too small to carry

the whole mass of the enzymes existing in the embryo
or adult.” It should not be forgotten, however, that the

evidence in favor of enzyme action as the most important

developmental process is by no means established, and
even were the evidence for this view adequate, the stages

between such action and the ultimate chemical nature of

the gene may be too great to be cleared at a single bound.

Some of the modern work on the chemical composition of

the nucleus indicates that extremely complex protein com-

pounds may be present in it—even though some of the

split products obtainable from it may be relatively simple.

It seems to me therefore that it is both premature and

highly speculative at present to tie up the genetic evi-

dence concerning the genes with hypotheses concerning

their chemical composition. I urge this, but at the same
time I realize of course that we should endeavor to obtain

as soon as possible better knowledge as to the chemical

nature of the chromatin.

Another question concerning the gene, that has been

raised, is whether it is to be regarded as something having

a definite molecular constitution, or whether the gene is to

be regarded as a quiintity of material fluctuating about a

mo’de—^its defimiteness representing only a general ten-

dency for the same frequency distribution to recur in

each species. From the nature of the case such a question
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is speculative, and would have little importance wertJ j*

that, hy imputing to the advocates of Mendelian
the assumption of absolute fixity to the gene,

have been made to throw the burden of proof tli^^

genes are “constant" on the advocates of Mendeli*^

So far as the genetic evidence is involved, I,see at 3

ent no way of deciding whether the gene has a
molecular constitution, or is only something that fluct^’

under the condition of its occurrence about a mode. % ^

esting as it might be to speculate about these altema't'

it seems futile to do so at present, but there is one i*'

cation that I should like to examine. If the genf*

chemical molecule it is not evident how it could cD^
except by altering its chemical constitution. Its infli»<^

i.e., the chemical effects it produces, mighty howevt**
altered by changing other substances with which the t*'

rial it produces reacts. This is the idea involved i**

theory of “modifying genes."

But if the gene is a fluctuating amount of sometliix

might seem that any “fluctuation" that is present at
time might be perpetuated by selection, and that a fui“

fluctuation in the same direction might be utilized Y

<

further advance, etc. It may be pointed out that

picture of the process is quite fanciful, and its sut^’

would depend largely on a denial of the premise as 1 «

»

nature of the gene, viz., that it is of a fluctuating amc-»

Johannsen’s facts contradict an interpretation of
fluctuations of the character being due to a new ni<
position of the gene standing for that character. And
facts furnish the only crucial evidence we have at proH
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CHAPTER XX

MUTATION

OoNOBBNiiTG the Origin of the germinal differences that
give rise to mutant characters very little is known at pres-
ent except, (1) that they appear infrequently, (2) that the
change is definite from the beginning, (3) that some of
the changes at least are recurrent, and (4) that the dififer-

cnco between the old character and the new one is small
in some oases and greater in others. I do not think that
any of the work purporting to produce specific mutational
changes has succeeded in establishing its claims, at least
in the sense that we can pretend at present to control the
appearance of specific mutant changes, and until this is

done we can not hope to find out very much as to the
nature of these changes. Our study of the germ-plasm
is largely confined, therefore, for the present, to a study
of transmission of the genes, to the kinds of effects they
produce on the organism, and to the special relations of
the genes in the chromosomes where they are located.

Concerning the frequency of mutation there is a slowly
increasing body of evidence showing in some animals
and plants how often or how rarely changes of this kind
take place. The impression prevails that mutation is less

rare in some species than in others, and while I am inclined

to think that this may be true, not much value can be
ascribed to sirch impressions

;
for it is not improbable that

the frequency with which mutations are found is often

directly in proportion to the number of individuals exam-
ined and to familiarity with the type in question, so

that the smaller changes are not overlooked. The dis-

covery of new mutant types in almost every plant and
animal that has been carefully examined indicates at'least

the very general occurrence of definite mutations, and the
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great variety of types shown, by nearly aU of our domesti-
cated animals and plants—^varieties that follow Mendel’s
law—appears to give farther support to the view that the
process of mutation is widespread.

One of the most interesting phenomena connected with
mutation is the recurrence of the same change. It has
long been recognized that certain “sports” such as albi-

nos and melanio forms are found again and again in

nature. In insects there are many records of the sporadic
appearance of the same t3^e, such as the light form (lacti-

color) of the moth Abraxas. It is true that not all such
appearances are to be accepted ofiEhand as the first appear-
ance of the mutative change, since when these are reces-

sive it is probable in most oases * that the actual mutation
occurred several generations before the mutated genes
came together to produce the mutant character. But
granting this, it is at least probable that the same type
has appeared in many cases independently. The only
evidence that can be relied upon in such cases is from
pedigreed cultures, followed' up by evidence that the
mutanta that look alike are really due to mutations in the
same locus. Fortunately there is actual evidence, both
for plants and for animals, that can be appealed to to show
that the same mutations recur.

The most extensive evidence is from Drosophila
mela/rtogaster. One of the first mutants that appeared,
viz., white eyes, has appeared anew in our cultures about
three times, incultures known to be free from it before and
not contaminated. The same mutant has been found by
several other observers. The eye-color vermilion has
appeared at least six times; the wing character called

rudimentary, five times; cut wing has been found four
times; truncate wing has frequently appeared, but has
not necessarily been always produced by the same change.
Certain characters such as notch wings, that have

* Eeoessive mutatiions in the X-chromooomes of the XX-XY type may
appear in the miale in the next generation.
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appeared quite often, represent, it seeins, a peculiar
change whose relation to the changes that stand behind
other mutant characters is not yet worked out.

In plants the best evidence is that reported by Emerson
for Indian corn. Emerson has shown that when a race
of com I^Zea mais) having red cobs and red seeds is

crossed to a race having white cobs and white seeds only,

the two origi^nal combinations appear in the second (F^)
generation giving plants with red cobs and red seeds and
plants with white cobs and white seeds. Either a single

factor determines that both cob and seed are red in one
case and white in the other, or if the color of each part
is due to a separate factor these factors are completely
linked. Now striped seeds with white cobs sometimes
mutate to red seeds and red cobs. The new combination
(red and red) acts as a unit toward the other known com-
binations. Therefore a single factor must have changed,
for, if not, mutation must occur in two (or more) closely

linked factors, i.e., for seed and cob color at the same time,

which is highly improbable.

In forms propagating by sexual methods it cannot
be told whether mutation has occurred in one locus or in

both homologous loci at the same time, because in the egg
one of each pair of genes is lost in the polar body, and
irrespective of whether one or two mutated genes were
present only one member of the pair is left in the ripe egg

;

and in the sperm the chance of any one sperm reaching

the egg is so small that it is unlikely that the difference

between one sperm or two sperms having the mutated
locus could be detected. It is true that of the twelve domi-

nant mutants that have appeared in DrosophUa each

appeared at first in a. single individual—^never two—which
might appear to favor the single locus view, but this evi-

dence is too meagre to be significant. Mutants from reces-

sive genes usually come to light in about a quarter of the

offspring of a given pair. This means that both parents

were heterozygous for the mutant gene, but this gene
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must Have arisen at least one generation earlier, and
have been carried over into the two hetero2iygous indi-

viduals in question.

It would be a point of capital importance if
,
it could be

determined beyond doubt that at times recessive mutant
genes change back to the original (wild type) gene, or

even if a recessive gene could mutate to a dominant one.

The appearance of the wild type in a pure culture of a
mutant race can be accepted as good evidence' of such a
change only when every possibility of contamination by
the wild type is exclud^, and this is difficult to regulate.

In our cultures we have come across such oases, but have
not ventured to exploit them, since wild-type flies are

always present in the laboratory, and hence the discovered

form may have arisen through accidental contamination.

Thus even when a red-eyed yellow fly appeared in the

white-eyed yellow stock there is the barest chance that a
yellow red-eyed fly, or an egg of such a fly, had somehow
gotten into the stock. Certainty can be attained only when
a stock, pure for several mutant characters, .reverts to the

normal in one of these characters, and not in the others.

Only one case of this kind that is above suspicion has been
as yet recorded. This is a mutant stock in which, as May
has recorded, reversion to the wild type occurs with such
frequency that there can be no chance of error. The stock

in question, bar eye, is a dominant mutant and the rever-

sion therefore is to the recessive wild type of eye (round
eye). The change back to normal is complete, since such
individuals give only normal offspring. When such a
mutant chromosome comes from the mother and goes into

a son he has normal (wild type) eyes
;
when it comes from

the father, and goes to a daughter, she is hetero2ygous
for bar eye. Baur has recently recorded the appearance
of recessive ( ?) mutants from self-fertilized plants (snap-

dragon) that bred true at once. Punnett has described a
similar case (1919). The result can be accounted for, if a
mutation occurred in only a single chromosome far enough
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back in the germ-traot to give rise, after reduction, both
to pollen and to ovules, each one carrying the mutated
genes. Such an interpretation is supported by the evi-

dence from Drosophila, where, although mutations are
much more numerous, no such cases have been observed,
and none such would be expected if mutation occurs in a
single chromosome at a time, since here the germ-cells

come from separate individuals.

Probably the most important evidence bearing on the
nature of the genes is that derived from multiple allelo-

morphs. Now that the proof has been furnished that the
phenomena connected with these cases are not due to nests

of closely linked genes, we can properly appeal to these as
crucial cases. As already explained, in ever-increasing

numbers of animals and plants, series of genes have been
found in each of which mutant characters with the same
normal allelomorph have been found. These mutant char-

acters of each series are also allelomorphs of one another

—only two ever existing in the same individual. Ob-
viously, not all such mutants can be due to the absence
of a factor present in the germ-plasm of the wild type,

since only one kind of absence is thinkable. If to save the

situation for the theory of presence and absence it be
assumed that only a part of the original gene is absent,

and a different part in each case, then nothing is gained by
the admission; and while this may be true it is equally

possible that the genes change in other ways. It is not

essential that we should specify the nature of the change,

but simpler to look upon the mutant gene as due to

some kind of change or changes that have taken place

in tlie original germ-plasm at a specific locus—^there is

nothing known at present to furnish even a clue as to the

nature of this change.

The demonstration that multiple allelomorphs are

modifications of the same locus in the chromosome, rather

than oases of closely linked genes, can come only where
their origin is known, and at present this holds only in



252 PHY8I0AL BASIS OF HEEEDITY

the ease (just stated) for Indian corn and for the fruit

fly. If each member of such a series O'f allelomorphs has

arisen historically from the preceding one in the series,

by a mutation in a locus closely associated with the locus

responsible for the first, they would be expected to give

the wild type when crossed; and as the proof of their

allelomorphism turns on the failure of members of the

1 •
2 •

K 3 9
4 •
6 •

B

0

1 0 1 • 1 • 1 9 1 9

2 • 2 0 2 • 2 9 2 9
3 • 3 • 3 0 3 9 3 9
4 • 4 • 4 t 4 0 4 9
6 • 6 • S • 5 9 6 0
a h 0 d e

1 0 1 0 1 0 1 .0 1 0
2 • 2 0 2 0 2 0 2 0
3 • 3 • 3 0 3 0 3 0
4 • 4 • 4 • 4 0 4 0
5 t 5 • 5 9 5 9 6 0
a b 0 d e

Fiq. 108.—Diagram illustrating mutation in a nest of genos sn elosoly linked that no
crossing over takes place,

series to show the atavistic behavior on crossing, it is

necessary, as stated, to know how they arose. This may
be made clear by the following illusti'ation

:

Let the five circles of Fig. 108, A represent a nest of

closely linked genes. If a recessive mutation occurs in

the first one (line B, a) and another in the second gene
(lineB, 5), the two mutants a and b if crossed should give

the atavistic type, since a brings in the normal allelo-

morph {B) of b, and b that (A) of a. If a third mutation
should occur in the third gene it, too, will give the atavistic
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type if crossed to a or to b. Similarly for a mutation in

the fourth and in the fifth normal gene. Now this is

exactly what does not take place when members of an
allelomorphic series are crossed—^they do not give the

wild type, hut one of the other mutant types or an inter-

mediate character. Evidently independent mutation in a
nest of linked normal genes will not explain the results

if the new genes arise directly each from a different nor-

mal allelomorph.

But suppose, as shown in Pig. 4 (line C) after a muta-
tion had occurred in the first gene a new mutant, 6, arose

from a new gene, and from b a mutation arose in a third

gone c, and e similarly gave rise to d; then a crossed to b

will give a (or something intermediate if the heterozygote

is an intermediate type). Likewise c crossed to b will

give b, or c crossed to a will ^ve a, etc. If mutant allelo-

morphic genes in a aeries such as C, a, b, c, d, e, arise as

successive steps, i.e., Ca to Ch and Ch to Cc, etc., then

the hypothesis of closely linked genes would seem to be a

possible interpretation of the data, but if they do not

arise in this way, but by independent mutations from the

wild type (or even from eacli othei’, but not seriatim), then

they must be due to mutations in the same gene : for, to

assume that they are not, requires that, when the second

mutation took place both gene a and gene b mutated at

the same time, and that when c appeared three genes

mutated, Avhon gone d appeared four; when gene e five

genes mutated at once, four of them being mutant genes

tliat have already arisen independently. Such an inter-

pretation is excluded, since it is inconceivable, even in a

readily mutating form like Drosophila, that five muta-

tions could have occurred at the same time in distinct but

neighboring loci. As has been stated, the evidence from

DrosopMa shows positively that multiple allelomorphs

arise at random.
Only two members of a series of multiple allelomorphs

can be present in any one individual, and in the case of
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stage. Other related (wild) species and genera of the

evening primrose have also been found to have some
abortive pollen and ovules.

Complete or nearly complete abortion has been seen,

in other hybrids
;
vis.j by Rosenberg in the sundew, by

Osawa in the Satsuma orange, by Ooodspeed and others

in the hybrid tobacco {N. tabacum by N. sylvestris), by
Jesehko in the wheat-rye hybrid, and by Sutton in the

hybrid between the Palestine pea {Pisvm humMe) and the

e^ble pea. These oases may be in part the same phe-

nomenon and in part a different one connected with fail-

ure of the chromosome to conjugate or to be properly

distributed during the maturation divisions.

The '‘yellow mouse case” is an example of a zygotic

lethal effect. The gene that produces the dominant yellow
color is lethal in double dose, so that all homozygous yel-

low mice die, as Cuenot first discovered, and as has been

more positively demonstrated by the work of Castle and
Little. There is some evidence indicating that these homo-
zygotes die as young embryos. Little has also shown that

black-eyed white mice carry a lethal, that acts in the same
way. In Drosophila there is a sex-linked recessive lethal

factor that causes the development of tumors in the larvae,

destroying every male larva that contains the sex-chromo-

some carrying this gene. This effect, discovered by
Bridges, has been the basis for an extensive series of

experiments by Miss Stark. The gene is present in the

X-chromosomes
;

it follows the rules for all sex-linked

genes in its inheritance. The females of the stock are of

two kinds : One has the lethal in one sex-chromosome, and
its normal, dominant allelomorph in the other. Such a

female has survived because the effect of the lethal gene
is oonnteraoted by the effect of its normal allelomorph.

Half of her sons get the affected chromosome. All such

sons develop the tumor—one or more melanitic growths
that appear in the imaginal discs or in other parts of the

larva. The other sons get the other chromosome with the

-
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normal allelomorpli. They never produce a tumor and
never transmit the disease. The same mother that gave
these two kinds of sons—shaving been fertilized by a nor-

mal male, since no affected males exist—^produces also two
kinds ef daughters, one containing the gene for the tumor
(and its normal allelomorph), the other having two nor-

mal genes. The former transmit the disease as just

explained, the latter daughters are perfectly normal and

do not transmit the disease.

Other lethal genes kill the pupae, a few of them even

allow the fly occasionally to come through, but such flies

rarely propagate. Certain races of Drosophila have ster-

ile or nearly sterile females, other races sterile males.

The sterility is here lethal in so far as it affects the germ-

cells. Some effects on other characters are also generally

to be seen.

The presence of a lethal gene near to, i.e., lii^ed to,

another mutant gene may affect the kinds of individ-

uals that appear because owing to the linkage the other

mutant character fails to appear, except when crossing

over takes place. Some examples of this relation may be

given. There is a mutant race called beaded (Fig. 109)

in which the margin of the wing is irregularly broken,

giving the appearance of a beaded edge. The gene for

beaded is dominant, and lethal when homozygous.

As in the case of tiie yellow mouse, only the hybrid

(heterozygous) combination exists, and consequently

when two beaded flies mate they produce two beaded to

on® normal fly, as shown in Fig. 110. Here the first pair

of vertical lines stand for the pair of third chromosomes

present in the egg before its reduction. The two genes

here involved, that for beaded and its allelomorph for

normal, are indicated at the lower end of the vertical lines.

The two corresponding chromosomes in the male are

represented to the right of the last. After the ripening of

the germ-cells each egg and each sperm carries one or

the other of these chromosomes. Chance meetings of egg

17
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pair of genes that almost no crossing over takes place
between the levels occupied by the two pairs. These rela-

tions are illustrated in the next diagram, Fig. 111. Here
again the two pairs of vertical lines to the left represent
the two third-chromosome pairs in the fe33aale and to the
right in the male. The location of the two pairs of genes
involved, N-l^ and B-N, are indicated. These combina-
tions give the four classes in the squares of which two
classes die, vie,, NNBB (pure for beaded) and lihNN

Eggs Sperm

NB

All Beaded

Fig. Ill,—Diagram to sliow how the appoaranoc of a lothal near boadod causes
tho stock to produce only beaded except for the small number of crossovers, aa abown
by tho next diagram.

(pure for lethal three). The result is that only beaded
flies come through, and since all those are heterozygous
both for jB and li, the process is self-perpetuating.

If the preceding account represented all of the facts in

the case, the stock of beaded should have bred perfectly

true, but it has been shown in Drosophila that crossing

over between the members of the piiirs of genes takes

place in the female. Hence we should expect a complica-

tion due to crossing over here unless the level of tlie two
pairs of genes was so nearly the same as to preclude this

possibility. In fact, in addition to the beaded flies the
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in this condition alone should give 10 per cent, of

ag over,i.e.,it should still produce a small percentage

mal flies. It so happened, hO'Wever, that there was
it in the stock a third gene that lowers the amount

ssing over in the female to such an extent that, for

o ‘
‘ distances ’ ’ here involved, practically none takes

When it does, a normal fly appears, but this is

dom that such an occurrence, if it happened in a

itieated form of which the wild type was unknown.

ksovsr
SS»

Sperm

B

.
> m iiB

1X1
XB liH

—DiaigfOrna showing the restilts of orossing over in a stock containing both bouclcd

and lethal, as shown in Fig. 111.

be set down as a mutation like that shown by the

ig primrose.

e third factor that entered into the result is not

3
,
for Sturtevant has shown that crossover factors

•t uncommon in DrosophUa, The analysis that Mul-

s given for beaded, while theoretical, is backed up
i same kind of genetic evidence that is accepted in

ndelian work. It makes an assumption but one that

1 demonstrated by any one who will make the neoes-

ests. It is also possible to produce at will other bal-

lethal stocks that will “mutate” in the sense that
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11 tiirow ofE a small predictable nxmaber of a
b” type—a type that we can introduce into the

r the express purpose of recovering it by such an
t mutation process.

3xample, diohete is a third chromosome dominant
3-bristle character and, like beaded, a recessive

Sturtevant bred flies with the gene for diohete

f the third chromosomes and with a gene for the

3 eye-color, peach, in the other for several genera-

lAni BlaP

IXI
Itol RltP
—Diagram illustrating how in the preBonoo of a dominant factor, diohete, and
be homologous ehromoaomo at about the same level, together with another
-colored oyoa (p), gives the result shown iu the squaree. No peach appears
ng except where crossing over takes place as shown in the next diagrtun.

L lethal appeared by mutation iu the peach-bearing

ome very near the level of the diohete gene in

jsite chromosome.
order of these genes is shown in Pig. 113. This is

balanced letiial stock that throws only diohete

cept for a small percentage of diohete peach flies

jrossing over. The result for the non-crossover

is shown in the square to the right. Only two
>ur classes come through : the two that die are the

rarely a croasover net'dichote Hy will appear.
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Now this process is not what is ordinarily meant by
mutation, for we mean by the latter that a new type has
suddenly arisen in the sense that some change has taken
place in the germ-plasm—a new gene has been formed.
The process here described is one of recombination of

genes shown by Mendelian hybrids, the only unusual fea-

ture being that all the phenomena involved do not come to

the surface because many classes are destroyed by lethals.

The results are interesting also in another way. It has
been assumed by those who think that 0. Lamarckiana is

a hybrid that the mutant types are only the segregation

products of the types or combinations that went in to pro-

duce the hybrid. But the Drosophila cases show that

balanced lethal stocks may arise within stocks themselves

by the appearance in them of lethal factors closely linked

to other factors—new or old ones. "When new genes arise

in such lethal stocks the process may be one of true muta-
tion, but the revelation of the presence of the gene is

hindered by the lethal factors, so that when the character

appears, it appears as a “new” mutant, but is in reality

due to recombination of mutant genes that had arisen in

an earlier generation. As a matter of fact, the first
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appearance of even ordinary mutants, unless they "be

dominant, must come two or more generations after the

mutation has taken place; for, ihe evidence indicates that

mutation appears in only one chromosome at a time.®

In the case of sex-linked genes, however, any mutation
that takes place in one of the Y-ohromosomes of the mother
is revealed if the egg containing it gives rise to a son,

because he has but one Y-dhromosome and that comes
from his mother.

The delayed occurrence then of mutants in balanced

stocks is not different from the delay in olher stocks

—

Fio. IIG.—Diagram illustrating balanced lothals and twin hybrids.

only when the recombinations occur in balanced lethal

stocks they must have been preceded by crossing over,

which diminishes the number of mutants that appears.

The number of mutants that appears is determined by
the distance of the genes for the character from the

nearest lethal gene.

. One of the most interesting features of Lamarck’s
primrose arises when it is bred to certain other species

or varieties. It gives rise to two kinds of offspring

called Twin Hybrids, to which De Vries gives the names
l(eta and vehitvm (Mg. 115). Now it is a feature

*If in self-fertilizing forms a mutation takes place so early in the
germ-plasm that it gets into both eggs and sperm the new character may
appear at once (see ante).
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of balanced lethal stocks like beaded that they repeat
precisely this phenomenon. For instance, if a beaded
male is crossed to wild female, two kinds of offspring are
produced, viz., beaded and normal. A similar process
would account for twin hybrids in (EnotJiera crosses.

There is another peculiar phenomenon that has been
described for crosses in the evening primroses, viz., the

occurrence in Fi of four types. This phenomenon, too,

can be imitated in Drosophila by crossing balanced lethal

dichete to balanced lethal beaded (Fig. 117).

Dioheter Beaded

2 cT
D B K M ONUB

1/. -N N-
•

'la N
• m m “N K N K B B N liK

Bead.Dlchete Bichate

B laW n N H

N B N B N N Ij N

H - -N N -

It-
m • •N B" • -N Beaded Normal

Both stocks hreed true. Four types In Pj. 1:1: 1:1

Fifl. H7,—Diagram illustrating lothals and four types in Fi.

Other parallels might be cited, but these, I think, will

suffice to indicate that the discovery of balanced lethal

stocks may solve some at least of the outstanding difficul-

ties of mutation and inheritance in CEnothera, and bring

it into line with other groups. There are, of course, other

peculiarities of the evening primrose that such zygotic

lethals will not explain; such, for instance, as the 15-chro-

mosome type, and 0. gigas. But these cases are already

on the road to solution.

The occurrence of other lethals, called gametic lethals.
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that kill the germ-oells—gametes—^before they are ready
for fertilization, has already been invoked by De Vries
and others to explain the peculiarity of “double recipro-

cal hybrids.”

Is THE DmEOTiorr or Mutation GrvBir in the Constitution
OE THE Genes ?

When writers have brought forward evidence of con-

tinuous and progressive change in a character, they have
not concerned themselves with the analysis of the change
in the germ-plasm that has brought it about—^in fact, in

most of these eases the possibility of advance in a princi-

'pal gene or of advance through modifying genes has not
been appreciated or even understood. Paleontologists

who have in the main been the strong advocates of ortho-

genesis have based their conclusions on the observed

advances in a character in the same series and in “paral-

lel” series. They overlook the fact that to-day there is

experimental evidence demonstrating that variations as

small even as those they record have been shown to rest

on mutational stages. If the progress has been in the

direction of adaptation, natural selection of small mutant
differences will completely cover their findings. If it is

claimed that in some of these oases the orthogenetio series

is not in the line of adaptive advance, the burden of proof
lies heavily on their shoulders. Moreover, the fact, that

recent work has made clear, that genes generally have
more than a single effect on the organization, opens wide
the door of suspicion, for the observed morphological
progress might be a by-product of influences that have
other and important, though unseen or unknown, effects.

In a word, an orthogenetio series of changes does not in

itself without a closer analysis than has as yet been fur-

nished, establish that an innate principle, urge, vis-a-tergo,

“Jdch,” or vital force’' is causing the successive moves.
The genetio evidence concerning multiple factors must
create at least a strong suspicion against the “will to
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believe” in. the mystic sentiments for which these terms
always stand. That a pro.gressive series of advances in »
gene Tnigbf. take place with a consequent advance in the
many characters involved is thinkable, especially if it couldl

be shown that environmental changes cause parallel prog--

ress in the gene, and this in turn on the character. How
probable this is the reader must decide for himself in the
light of the very dear evidence that each character is
affected hy changes in many genes differently located in.

the germ-plasm, and that it is not a progressive change in
one gene that makes selection possible, hut changes in any
one of many genes.

OuiJsroB Mutation and NATUBAt. Seujction

The mutation process rests its argument for evolution

on the view that among the possible changes in the genes,

some combinations may happen to produce cha>acters that
are better suited to some place in the external world than
were the original characters. Apparently this appeal to
chance, like Darwin’s appeal, has offended some of the
adherents of the doctrine of organic evolution, because it

has seemed to them inconceivable that chance could ever
bring about the assembling of such an intiicate piece of
machinery as a highly complex oi’ganism. The attempt
to mitigate the rude shock of the appeal to olmuce was
made by Darwin by pointing out that ovolution had been
gradual and that the assemblage has not taken place out
of chaos, but each stage has been built up on one a littks

less complex than the preceding one. Nevertlieloss thu
fact remains that persistent efforts continue to be mado
from time to time to introduce into the theory of evolution
some sort of directive mystical agency. The Ijamarckian
theory has tried to bring about a more immediate relation

between the organism and its enviroumdlit of such a kind
that the adaptive change that appears in the body as a
result of a reaction between the environment and the ani-
mal or plant, is reflected into the germ-plasm. .Bergson
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lias cut the knot by postulating an innate adaptive respon-

siveness of tlie animal to every critical situation that calls

out a response. The adherents of orthogenesis appeal,

apparently—^in so far as they commit themselves—^to

some sort of iimate principle that causes advance in com-
plexity along one line, and they seem to hint at times even
along directed lines of adaptation. Still more elusive are

vague appeals made to some unknown principle—some
sort of mysterious element, some “Bion,” resident in

living material and peculiar to it that is responsible

for evolution.

We are not concerned with any of these so-called

agents, hut there is a relation between chance and evolu-

tion shown by living things that has been largely neglected,

or at least vaguely referred to, even by natural selection-

ists, that is of fundamental importance when evolution is

treated as a phenomenon of chance.

This relation may be stated in a general way as fol-

lows : Starting at any stage, the degree of development of

any character increases the probability of further stages

in the same direction. The relation can better be illus-

trated by specific cases. The familiar example of tossing

pennies will serve. If I have thrown heads five times in

succession, the chance that at the next toss of a penny I

may make a run to six heads is greater than if I tossed

six pennies at once. Not, of course, because five separate

tosses of heads will increase the likelihood that at the

next toss a head rather than a tail will turn up, but only

that the chances are equal for a head or a tail, so that I

have equal chances of increasing the run to six by that

throw, while if I tossed six pennies at once the chances

of getting six heads in one throw are only once in 64 times.

Similar illustrations in the case of animals and plants

bring out the same point. If a race of men average 5 feet,

10 inches, and on the average mutations are not more than

two inches above or below the racial average, the chance

of a mutant individual appearing that is 6 feet tall is

greater than in a race of 5-foot men. If increase in height
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is an, advantage, the taller race has a better dhance than
the smaller one. This statement does not exclnde the
possibility that a short race might happen to beat ont
in height a taller raoe, for it might more often mutate

;

but ohanoe favors the tall. In this sense evolution is more
likely to take place along lines already followed, if fuirther

advantage is to be found in that direction.

A roUing snowball that already weighs 10 pounds is

more likely to reach 15 pounds than is another that has
just begun to roll. The chance that a monkey could change
into a man is far greater than that an amoeba could
make the transition. The monkey has accumulated, so
to speak, so many of the things that go to make up a
man that his chance of reaching that goal is vastly greater
than the amoeba’s.

There is also a peculiarity of animals and plants that

assists greatly towards progress along lines already
started. The individual multiplies itself, and a new
mutant character that is advantageous becomes estab-

lished in a large number of individuals, or even in all indi-

viduals of the race. The number of individuals increases

the chance of a new random mutation along the path
already taken. It is true that the chance of a random
variation in the opposite direction is equally great, but
as this, by hypothesis, is the less advantageous direction

it will fail to establish itself in numbers.
Uarwin built up his evidence for natural selection and

even for evolution, on the artificial selection of variations

of animals and plants under domestication. It is in this

field that the student of Mendelism revels. Almost without
exception he finds that the domestic races of animals and
plants are built up by mutational differences. It is this

evidence that to-day is a hundredfold stronger for the

theory of evolution than it was in Dn.rwin’a time.

The slightest familiarity with wild species will suffice

to convince any one that they differ from each other

generally, not by a single Mendelian difference, but by
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a namber of small differences. The student of Men-
delian heredity at least is not likely to fall into the error

of identifying single Mendelian differences with the sum
total of differences by which wild types and often even

wild varieties differ from each other, but whenever he
has had an opportunity to study these single differ-

ences in wild varieties he has found that they seem to

originate and to be inherited in the same way as other

Mendelian characters.

SpBonas AS Oeotjps op G-bnbs

If related species have many genes in common they

may be expected to produce at times the same mutants.
In fact, it is not at all uncommon to find even in Men-
delianHterature such forms as albinos spoken of as though
they represent the same mutation wherever it arises.

Attractive as sudti a view appears, experience has shown
that it is very unsafe to judge as to the nature of the muta-
tion from the appearance of the character alone. Two
different white-flowered races of sweet peas are known
which give the wild purple-flowering pea when crossed,

showing that they represent different mutations. Simi-

larly, at least two recessive white races of fowls are

known, as well as a third dominant white race. Three
independent mutations have produced white birds.

Whether albino mice, rats, rabbits, squirrels and guinea
pigs have arisen through a mutation in a common gene
cannot be determined because they cannot be crossed

to each other. When we consider that many factors may
combine to produce a given pigmented animal, and that a
change in any one of them may affect tiie end result, it

will be evident that the expectation would be against

rather than for the conclusion that the same gene had
changed in aU cases. Only when it could be shown that a
particular gene of the complex is more likely to change
in a given direction than other genes of the complex would
this interpretation become plausible.

t.

II

I
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There is evidence in Drosophila melanogaster show-
ing that the same mutation to white eyes has occurred sev-
eral times, and the additional and all-important proof
has been obtained that it is the same locus that has pro-
duced the white-eyed mutant. This may appear to give
some slight support to the view that albino mutants
appearing in other related species may be due to the same
mutative changes, but without additional evidence this

conclusion is problematical.

In the mammals melanic individuals have been fre-

quently described, but there is no direct evidence to show
that ihey are due all to the same change. In the roof rat
there is a black; type that is dominant to the gray of this

race, while the black type of the Norway rat is recessive

to ihe gray of that race. It seems probable that they are
different mutations, but not necessarily so.

Yellow in the mouse is dominant and lethal; two races

of yellow rats are know)i, both recessive forms. The rela-

tion of yellow to black in mice is different from the rela-

tion of either of the yellows to black in the Norway rat.

if the blacks are the same mutant the yellows are differ-

ent; if either yellow of the rat is the same as the yellow of

the mouse, the blacks must be different, etc.

The uncertainty of i*eacliing any conclusion in regard
to the nature of the mutation from the appearance of the

character of the mutant is excellently illustrated in such

a group of mutants as that of the fruit fly, where a con-

siderable number of eases are known in which mutants
that are almost indistinguishable externally have been
shown to be due to mutations in different parts of the

germ-plasm. There are five kinds of black mutants, three

or more yellows and several eye colors that are practically

indistinguishable. The evidence showing their difference

is obtained from the results of crossing, where, as a rule

(except, for example, cases of complete or incomplete

dominants), reversion to the wild type occurs. In addi-
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tlou, the localization of the gene causing the modification

shows them to be different.

The method of localizing genes offers an opportun-

ity for obtaining evidence in regard to like-mutants in

related spedes that cannot be crossed, and a step forward
in this direction has been taken by C. W. Metz for other

species of the genus Drosophila. In one species, D. viriUs,

he has foimd 12 mutants, and these fall iuto three

groups of linked genes. Three of tiiem, yellow, forked

and confluent, resemble externally characters of D.
melcmogaster. Yellow and forked are sex-linked and look

like the same characters in melmogaster. Confluent is

like a second chromosome character of the same name in

melanogaster in three respects : first, in that the structures

are similar; second, in that the dharaoter is donainant in

both forms
;
and, third, in that it is lethal in the homo-

zygous state. The terminal position of yellow and the

large amount of crossing over with forked are, roughly
speaking, the same in both.

Even in this case further work is needed, flrst, because
within the same species the occurrence of similar-looking

oh^cters due to different factors is known, e.g., there

are two genes for yellow color (yellow and lemon) in the

first chromosome of D. melanogaster and in the same part

of that chromosome, and second, because it is not to be

expected that the number of crossovers would be identi-

Q^y the same between the same loci in different species,

since marked variations are known within a single species.

Unless sudi species can be crossed, the only convincing

evidence that we can hope to get will be to establish

the same linear order in the chromosome for several

genes whose characters appear to be the same or similar.

Other evidence of a different kind also helps to make
probable that the same mutations occur in different

species. For example, in oases where a mutant gene pro-

duces a number of changes in different parts of the body,

the probability that it is the same as one in a different

species that causes the same modifications, is in propor-
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tiou to the number of the same kinds of change that they

produce. The two following cases recorded by Sturtevant

illustrate this relation

:

Two species, vis., Drosophila melanogaster and D.

fimebris, have each produced a mutation called notch.

This character, notch, involves not only a notching at the

end of the wings but also the thickening of the second and
fifth veins of the wings, frequent reduction and roughen-

ing of the eyes, inequalities of the rows of hairs on the

thorax, frequent doubling of the anterior soutellar bristles,

and a recessive lethal effect. The character is also dom-
inant and sex-linked. It is one of the commonest muta-

tions in melanogaster and was the first to be picked out

in funebris. So many peculiarities in common make it

hard to believe that they do not represent the same genetic

change. Another mutant also found in D. funebris that

parallels one in D. melanogaster is called hairless, produc-

ing several similar effects in both. In both the factor is

an autosomal dominairt; it affects the hairs, certain

bristles, and the second, fourth and fifth veins of the wings,

and has a x’ecessive lethal effect.

One of the most interesting ideas that De Vries brought

forward in his mutation theoiy is that groups of “small

species” or of varieties are made up of many common
genes and differ in a relatively small number of genes.

The genetic analysis of a group of smaller species would

consist in finding out how the different genes are dis-

tributed amongst the members of this group. Phylogene-

tic relationship comes to have a different significance

from the traditional relationship expressed in the descent

theory ;
but this point of view is so novel that it has not

yet received the recognition which we may expect that

it will obtain in the future when I'elationsMp by common
descent will be recognized as of minor importance as

compared with relationship due to a community of genes.

18



LITERATUEE

Agar, W. E. : Partbagenetie and Sexual Reproduction in Simocephalus

vetulm and other Cladocera. Jom, Gen», 1914, iii.

AltenburG; E. : linkage in Friimda sinensis. Genetics, 1916, i.

Babcock, E. B.,, and R. E. Clausbk : Genetics in Relation to Agriculture.

1918.
'

Bailey, P. G. : Primary and Secondary Reduplication Series. Jour.

Gen., 1914, iii.

Baltzbb, P.: tfeber die Beziebung zwiseben dean Cbromatin und der

Ebitwieklung und Yererbungsricbtung bei Ecbinodermenbastarden.

Arch. f. Zellf., 1910, v.

Baltzbr, F. : Die Bestimmung des Geschleebts nebst einer Analyse des

Geseblecbts-dbnorpbisimusi bei Bonellia. Mitteil. Zooh Station

Neapel, 1914, xxii.

Bartlett, H. H. : Additional Evidence of Mutation in (Enothera. Bot.

Gas., 1915, lix,

Bartlett H. H.: The Mutations of (Enothera stenomeres. Am. Jour.

Bot., 1916, ii.

Bartlett, H, H. : Mutations en masse. Am. Nat., 1915, xlix,

Bartlett, H. H. : Miass Mutation in (Enothera pratineola, Bot. Gas.,

1915, lx.

Bartlett, H. H.: The Experimental Study of Genetic Relationships.

Am. Jour. Bot, 1915, ii.

Bateson, W.^: Mat^als for the Study of Variation, 1894, London.

Bateson, W. : The Methods and Scope of Genetics, 1898, Cambridge.

Bateson, W.: The Present State of Knowledge of Color-heredity in

Mice and Rats. Proc. Zodl. Soc., 1913, ii.

Bateson, W. : Problems of Genetics. Tale TJniv. Press, 1913,

Bateson, W. : MendeVs Principles of Heredity, third impression, Cam-
bridge (Eng.) and New York, 1913.

Bateson, W. : Address of the President, British Assoc. Adv. Sci. Sci-

ence, 1914, n.s., xl, pp. 287-302
;
319-334.

Bateson, W. : Root Cuttings, Chimeras and Sports. Jour, Gen., 1916, vi.

Bateson, W., and Pellew, C. : On the Genetics of Rogues ” among
Culiiaaiy Peas. Jour, Gen., 1915, v.

Bateson, W., and R. C. Punnett: On the Interrelations of Genetic

Factors. Proc. Boy. Soc., 1911, Ixxxiv.

Bateson, W., and R. C. Punnett : The Inheritance of the Peculiar Pig-

mentation of the Silky Fowl. Jour. Gen., 1911, i.

274



LITERATURE 275

Bateson:, W., and R. C, Punnett: On Gkmefcic Series Involving Redn-
plioation of Certain Terms. Joilt, Gen., 1911, i.

BATESOiir, W.; Saundees, E. R; Puknett, B. C.; HuEkST, C. C.; et at:

Reports (I to Y) to the Evolution Coimmittee of the Royal Society,

London, 1902-1909,

Baue, E. : Das Wesen und die Erblielikeitsverhaltnisse der " Vaaietates

albomarginatae hort,” von Pdargonaum zonale. ZeiU. Ahst. u. Ter-

erh, 1909, i.

Baue, E. ; Prop'fbajstarde. Biot Centr,, 1910, xxx.

Baub, E. : Ein Eaill von Faktorenkoppelung bei AntiiThinum majus.

VerK naturf, Ver. BrUnn, 1911, xlix.

Baur, E. : Yererbungs- und Bastardierunssvei’suehe mit Antirrhinum

—

II. Eaktorenfcoppelung. Zeits. Alst, u. Vererb., 1912, vi.

Baue, E. : Ein Fall von geochlechtsbegi’enzter. Yererhnng bei Melan-

^um album. Zeits. Abst u. Vererh., 1912, viii.

Baue, E. : Einfiihrimg in die experimentelle Yererbiingslehre 1914.

Belling, J. : Third Generation of the Cross Between Yelvet and Lyon
Beane. Rept. Fla. A.E.S., 1913.

Belling, J. : The Mode of Inheritance of Semi-sterility in the Off-

spring of Certain Hybrid Plante. Zeit. Ahst Vererh,, 1914, xii.

Belling, J. : Inheritance of Pod Pubescence and Partial Sterility in

Stibolobium Crosses. Rept. Fla. A.E.S., 1915.

Benedict, R. C.: Some Modem Varieties of the Boston Fern and Their

Source. Jour. N. T. Bot. Gard., 1915, xvi, 189.

Benedict, R. C. : The Origin of New Varieties of Nepholepis by Ortho-

genetic Saltation, I. Progressive Variations. Bull Torrey Bot.

Club, 1916, xlih, 5.

Bipeen, R. H. : MendePs Laws* of Inheritance and Wheat Breeding.

Jour. Agric. Sci. Cambridge, 1906, i.

Boring, Alice M., and Raymond Pearl : The Odd Chromosome in the

Spermatogenesis of the Domestic Chicken, Jour. Exp. Zo'ot, 1914,

xvi.

Boring, A. M,, and T. H. Morgan: Lutear Cells and Henfeathering.

Jour. Gen. Rhys., 1918, i.

Boveei, Th,: Ueber den Einfluss der Samenzelle anf die Larvencliarak-

tere der Ecbiniden. Aroh. Ent. der Orgamsmen, 1903, xvi.

Boveei,. Th.: Zellen Studien. Die Entwicklung dispermer Seeigel-Eier,

etc. Jena, 1907.

Bovhbi, Th, : Deber die Beziehung des Chromatiiifi znr GesoblechtsbestiTn-

mung. Sits!. Bhye.-^Med. Geeelt WUraburg, 1908.

Boveei, Th. : Die Blastomerenkerne von Asoaria inegalooephala und die

Theorie der Chromosomen-IndividualitaJt. Arch. Zellf,, 1909, hi.

Boveei, Th. : Ueber Gesehleehtschromosomen ” bei Nernatoden. Arch.

ZeUf., 1909, iv.



276 PHY8I0AL BASIS OF HEEEDITY

Bovbri, Th.: Ueber die Charafctere von Echiniden-Bastardlarven bei

H'ermaphrodltism'us. Yerh, Phys.-Med. Gesell. Wurzburg, 1911,

zli.

Boveri, Th. : Ueber die Charaktere von Ecbiniden-Bastardiarven bei

verscbiedenem Mengenverhaltnis miitterlicber and vatorlicber Sub-

stanzen. Verh, Pliys,-Med. GeseU. Wilrzhurg, 1914, sliii.

Bratjer, a.: Zur Kenntniss der Spermatogenese von Ascaris megalo-

cepbala. Arch, mihr, Anat., 1893, xlii.

Bridges, C. B. : Non-disjunction of the Sex-chromoeomes of Drosophila,

Jour, Exp, Zool,, 1913, xv.

Bridges, C. B.: The Chromosome Hypothesis of Linkage Applied to

Cases in Sweet Peas and Primula. Am, Nat,, 1914, xlviii.

Bridges, C. B. : A Linkage Variation in Drosophila. Jour. Exp. Zool.,

1915, xix.

Bridges, C. B- : Non-disjunction as a Proof of the Chromosome Theory

of Heredity. Genetics, 1916, i.

Bridges, C. B.; An Intrinsic Difficulty for the Variable Force Hy-
pothesis of Crossing Over. Am, Nat,, 1917, li.

Bridges, C. B.: Deficiency. Genetics, 1917, ii.

Bridges, C. B. : Maroon

—

A. Eecuxrent Mutation in DrosopMla. Proc,

Natl. Acad. Sciences, 1918, iv, 316--318.

Bridges, C. B. : The Genetics of Purple Bye Color in Drosophila. Jour,

Exp. Zool., 1919, xxviii.

Bridges, C. B.: VeimiHon-deficiency. Jour. Gen. Physiology, 1919,

i, July.

Bridges, C. B. : Specific Modifiers of Eosin Eye Color of Droso-

phila, Jour. Exp, Zool., 1919, xxviii.

Bridges, C. B., and Morgah, T, H.: The Second Chromosome Group
of Mutant Qiaraeters. Carnegie Pub. No. 278, Part II, 1919.

Bridges, C. B., and Sturtbvaht, A. H.: A New Gene in the Second

Chromosome of Drosophila and Some Considerations on Differen-

tial Viability. Biol, Bull, 1914, xxvi.

Calkihs, G. N. : Studies on the Life History of Protozoa. III. Biol,

Bull., 1902, iii.

Calkin’S, G. N. : Studies on the Life History of Protozoa. IV. Jour,
Exp. Zool,, 1904, i.

Canhok, W. a.: Studies in Plant Hybrids: The Spermatogenesis of
Hybrid Peas. Bull. Torrey Bot, Club, 1903, xzx.

Carothers, E. E. : The Mendelian Eatio in Eelation to Certain Orthop-
teran Chromosomes. Jour. Morph., 1913, xxiv.

CARoamBRS, E. E. : The Segregation and Eeeombination of Homologous
Chromosomes Found in Two Genera of Acridida (Orthoptera).
Jour, Morph,, 1917, xxviii.

Castle, W. E. : Heredity in Relation to Evolution and Animal Breeding,
1911.



LITEEATUEE 277

Castle, W. E.: Same New Varieties of Eats and Guinea-pigs and

Their Eolation to Problems of Color Inheritance. Am, Nat,, 1914,

xlviii.

Castle, W. E. : Size Inheiitanoe and the Pure Line Theory. Zeits, Ahst,

Vererb,, 1914, xii.

Castle, W- E*.: Yellow Varieties of Eats. Am, Nat., 1914, xlviii.

Castle, W. E. : Genetics and Eugenics, 1916.

Castle, W. E. : Fur'ther Studies on Piebald Eats and Selection with

Observations on Gametic Coupling. Carnegie Inst,, Wash,, Pub, 241

Part III, 1916.

Castle, W. E. : Is the Arrangement of the Genes in the Chromosome
Linear? Proc, Nat. Acad. 8d., 1919, v.

Castle, W. E. : The Linkage System of Eight Sex-linked Gharactei’S

of Drosophila Virilis (Data of Metz). Proc, Nat, Acad. Sci.,

1919, V.

Castle, W, E., and Phillips, Johh C. : Piebald Eats and Selection,

Carnegie Inst,, Wash,, Pub, 195, 1914.

Caullbry, M, ; Les Probitoes de la Sexualite, 1913.

Clausen, E. E., and Goodspeed, T. H. : Hereditary Eeaotion-system

Eelations—an Extension of Mendelian Concepts. Proc, Nat. Acad*

Sci., 1916, ii.

Cole, L. J. : A Case of Sex-linked Inheritance in the Domestic Pigeon.

Science, 1912, n.s., xxxvi.

Cole, L. J.; Studies on Inheritance in Pigeons. Rhode Island A.E. 8,

Bull, 158, 1914.

Cole, L. J., and Lippinoott, W. A. : The Relation of Plumage to Ovai'-

ian Condition in a Barred Plymouth Rock Pullet, Biol. Bull, 1919,

xxxvi.

Collins, G. N. : Inheritance of Waxy Endosperm in Hybrids of Chinese

Maize. Proc. Fourth Intern, Conf, Genetic, Paris, 1911.

Collins, G. N. : Gametic Coupling as a Cause of Correlations. Am,

Nat, 1912, xiiv.

Collins, G. N., and Kbmpton, J. H. : Inheritance of Endosperm Textoe

in Sweet and Waxy Hybrids of Maize Am. Nat., 1914, xlviii.

Collins, G. N. : Maize. Am, Nat., 1914, xlviii.

Collins, G. N., and Kempton, J. H. : Patrogeneeis. Jour, Ilered.,

1916, xii.

Conklin, E. G.: Heredity and Environment. Princeton Univ, Press,

191&
Conklin, B. G. : The Share of the Egg and Sperm in Heredity. Proc,

Nat, Acad, Soi,, 1917.

CoERENS, 0. : Bastarde zvdschen Maisrassen. Biblioth, Botanica, 1901,

liii.

CORRENS, C.: Ueber den Modus und den Zeitpunkt der Spaltung, etc.

Bot, Zeit,, 1902, lx.



278 PHYSICAL BASIS OF HEEEDITY

CoRRENS, C.: Zur Kenntnisa der Roll© von Kern und Plasma bei der

Vererbung. Zeit AhsL Vererh,, 1909, ii.

CoRRENS, C.: Vererbungsversuche mit blass (golb) griinen und bunt-

blattrigen Sippen bei Miirabilis Jalapa, Urtiica piluldfera und Lunaria

annua. Zeit. Ahst. u, Vererh^ 1909, i.

CoRRENS, C.; Der Uebergaug aus dem homozygotisehen in einen beter-

ozygotisehen Zusfband in selben Individuum bei buntblattrigen und
gestreiftbluhenden Mirabilis-Sippen. Ber, Beutsch. Ges., 1910.

xxviii.

CoRRENS, C., and Goldschmidt, R, : Die Vererbung und Bestimmung des

Gescbleehtes, 1913, Berlin.

Ctj^not, L.: Dber6dite de la pigmentation cbez les souris (2),

Her4dite de la pigmentation cbez les souris noiree. Arch, Zool,

Exp. et Gin., 1903, i.

CuiSnot, L.: Uheredite de la pigmentation cbez les souris (3), Les

formules berdditaires. Arch, Zool. Exp. et Gen., 1904, ii.

CrfNOT, L.; Les races pures et leurs combinaisons cbez les souris (4).

Arch. Zool. Exp. et Gin., 1905, iii.

Cuenot, L. : L^ber4dit6 de la pigmentation cbez les souris (5) . Arch,

Zool, Exp. et Gin., 1907, vi.

Cu^HOT, L. : Sur quelques anomalies apparentes des proportions men-
d41iennes (6). Arch. Zool. et Gen., 1908, ix.

CuEHOT, L. : L^ determinants de la couleur cbez les souris etude com-

parative (7). Arch. Zool. Exp. et Gin., 1911, viii,

Cuenot, L. : L^b4redit4 cbez les souris. Verh. naturf. Vereines in Brilnn,

1911, xlix.

Cu^NOT, L. : Recbercbes sur rbybridation. Proc. VII Inter. Zool. Con-

gress. 1909.

Dabbishire, A. : ITote on the Result of Crossing Japanese Waltzing

Mice with European Albino Races. Biometriha, 1902, ii,

Darbishire, a. : Breeding and tbe Mendelian Discovery, 1911, London.

Darwin, C. : The Origin of Species by Mean® of Natural Selection, or

the Preservation of Favored Races in tbe Struggle for Life, 1869,

London.

Darwin, C. : The Variation of Animals and Plants under Domestication,

second ed., 1868, New York.

Davenport, C. B. : Inheritance in Poultry. Carnegie Inst., Wash., Pub.

53, 1906.

Davenport. C. B.: Inheritance of Cbaracteiisties in Domestic Fowl.
Carnegie Inst., Wash., Pub. 121, 1909.*

Davenport, C. B. : Heredity in Relation to Eugenics. New York, 1911.

Davenport, C. B. : Sex-limited Inheritance in Poultry. Jour. Exp. Zool.,

1912, xiii.



LITERATURE 279

Davenpobt, G. C., an-d C. B. : Heredity of Hair Color in Man. Am, Nat,,

1909, ::^iL

Davenport, C. B. : Sex-limited Inheritance in Poultry. Jour, Exp,
Zoot, 1912, xiii.

Davis, B. M.: Cytological Studies on CEnothera. Annals of Botany,

1909-11, xxiii, rsiv, xxv.

Davis, B. M. : Genetkal Studies on CEnothera, Am, Nat,, xliv, xlv,

xlvi, xlviL

Davis, B. M. : The Problem o-f the Origin of CEnothera lamarchiana Do
Vries. New Fhytol,, 1913, xii.

Davis, B.M.: The Test of a Pure Species of CEnothera, Proc, Am,
PMl. Soo,, 1916, Uv.

Davis, B. M.: Additional Evidence of Mutation in CEnothera, Am,
Nat,, 1915, xlix.

Davis, B. M. : A Method of Obtaining Complete Germination of Seeds

in CEnothera and of Eecording the Ees-idue of Sterile Seed-like

Structures. Proc, Nat Acad, Sci,, 1915, i.

Davis, B. M.: CEnothera neo-LamarcJciana, Hybrid of 0, franciscana

Bartlett X C. biennis, A^, Nat,, 1916, 1.

Delcourt, a., and GtiTiitNOT, E. : Gdnitique et milieu. Bull, 8cient,

France et Belg, 1911, xlv.

Detlefsen, J. a. : Genetic Studies on a Cavy Species Cross. Carnegie

Inst, Wash, Pub, 206, 1914.

Dexter, J. S. : On Coupling of Certain Sex-linked Characters in Droso-

phila, Biol, Bull., 1912, xxiii.

Dexter, J. S,: The Analysis of a Case of Continuous Variation in

Drosophila by a Study of Its Linkage Relations. Am, Nat, 1914,

xlviii.
**

Dexter, J. S.: Nabours' Breeding Experiments with Grasshoppers.

Am, Nat, 1914^ xlviii.

Digby, L. : The Cytology of Primula kewensis and of Other Related

Primula Hybrids. Ainn, of Bot., 1912 xxvi.

Doncaster, L. : Inheritance and .Sex in Abraxas grossulariata. Nature,

1907, Ixxvi.

Doncaster, L. : Gametogenesis and Fertilimtion in Nematus ribesii,

Q, J, M, S,, 1907, li.

Doncaster, L. : On Sex Inheritance in the Moth, Abraxas grossulariata

and Its Var. Lacticolor. dth Bep, Evol, Comm,, li, 8oc, Lond.,

1908.

Doncaster, L. : Some Stages in the Spermatogenesis of Abraxas grossu-

lariata and Its Var, Lactieolor. Jour, Genet,, 1911, i.

Doncaster, L* : The Chromosomes in the Oogenesis and Spermatogenesis

of Pieris brassicce, and in the Oogenesis of Abraxas grossulariata.

Jour, Genet, 1912, ii.



280 PHYSICAL BASIS OF HEREOITY

Donoasteb, L. : Note on the Chromosomes in Oogenesis and Sperma-
togenesis of the White Butterfly, Fieris hrassictB. IProc, Camb*
Phil. 8oc.y 1912, xvi.

Doncaster, L.: On the Relations* between Chromosomes, Sex-limited

Transmission and Sex-Determination in Abraxas grossulariata.

Jour. Genet., 1914, iv.

Doncaster, L. : Chromosoimes, Heredity, and Sex. Quart. Jour. Micr.

Sc., 1914.

Doncaster, L. : The Determination of Sex, 1914.

Doncaster, L., and Raynor, G. H. : Breeding Experiments with Lepi-

doptera. Proc. Zodl. Soc. Land., 1906.

Duncan, F. N. : An Attempt to Produce Mutations through Hybridizsa-

tion. Amer. Nat., 1915, xlix.

Duncan, F. N, : A Note on the Oonads of Gynandromorphs of Dro-
sophila cmpelophila. Am. Nat., 1915, xlix.

Dunn, L. C.: Genetic Behavior of Mice of the Color Varieties
" Black and Tan ” and “ Red,” Am. Nat., 1916, 1.

Durham, F. M. : On the Presence of Tyrosinases in the Skins of Some
Pigmented Vertebrates. Proc. Boy. Soc. Lond., 1904, Ixxiv.

Durham, F. M. : Note on Melanins. Jour. Physiol., 1907, xxxv.

Durham, F. M.: A Preliminary Account of the Inheritance of Coat
Color in Mice. Jour. Gen., 1908, i.

Durham, F. M., and Marryat, D. E. C, : Note on the Inheritance of Sex
in Canaries. 4th Bept. Evol. Comm., Boy. Soc. Lond., 1908.

E'ast, E. M.: The Relation of Certain Biological Principles to Plant

Breeding. Conn. AJE.8. BvM., 1907, clviii.

East, E. M. : A Study of the Factors Influencing the Improvement of

the Potato. 111. A:E.S. Bull. 127, 1908.

East, E. M, : The Transmiission of Variations in the Potato in Asexual
Reproduction. Corm. A.B.8. Bept., 1909-10.

East, E. M. : The Distinction between Heredity and Development in In-

breeding. Am. Nat., 1909, xHii.

East, E. M. : The Genotype Hypothesis and Hybridization. Am. Nat.,

1910, xliv.

East, E. M.: A MendeUan Interpretation of Variation that is Appar-
ently Continuous. Ibid., 1910, xiiv.

East, E. M. : The Genotype Hypothesis and Hybridization. Am. Nat.,

1911, xlv.

East, E. M. : A Study of Hybrids between Nicoiiana bigelovii and N.
quadrivalvis. Bot. Gag., 1912, liii.

East, E. M. : The Mendelian Notation as a Description of Physiological

Facts. Am. Nat., 1912, xlvi.



LITEBATTJEE 281

East, E, M. ; Inlieritance of Flowor Size in Crosses between Species of
Nicotiana. Bot. Gag., 1913, Iv.

East, E. M, : The Giromoeom© View of Heredity and Its Meaning to
Plant Breeders. Am. Nat., 1915, xlix.

East, E. M. : Size Inlieritanoe in Nicotiaaia. Genetics, 1915, i.

East, E. M. : The Bearing of Soiine General Biological Facts on Bud
Variation. Am. Nat,, 1917, li.

East, E. M., and Hayes, H. K. : Inheritance in Maize. Gonn. Exp.
Sta. Bull., 1911, clxvii.

East, E. M., and Hayes, H. K.: Heterozygosis in Evolution and in
Plant Breeding. U. S. Dept. Agnc., Burem Plant Ind. Bull.,

1912, eexliii.

East, E. M., and Hayes, H. K. : A Genetic Analysis of the Changres

Produced by Selection in Experiments with Tobacco. Am. Nat.,

1914, xlviii.

East, E. M., and Hayes, H. K. ; Further Expeiiments on Inheritance

in Maize. Connecticut Agr. Exp. Sta., Bull. 188, 1915.

Embbsoit, R. a.: Inheritance of Color in the Seeds of the Common
Bean, Phaseolus vulgaris. Ann. Rep. Nehr. Agr. Exp. Sta., 1909,
xxii.

Emerson, R. A.: The Inheritance of .Sizes and Shapes) in Plants. Am.
Nat., 1910, xliv.

Emerson, R. A.: Genetic Correlation and Spurious Allelomorphism
in Maize, Ann. Rep. Nehr. Agr, Exp. Sta., 1911, xxiv.

Emerson, R. A.: The Inheritance of Certain Forms of Chlorophyll

Reduction in Cora Leaves. Ann. Rep. Nebr. Agr. Exp. Sta., 1912,

XXV.

Emerson, R. A.: The Inhexitance of the Ligule and Auricles of Corn
Leaves. Ann. Rep. Nehr. Agr. Exp. Sta., 1912, xxv.

Emerson, R. A.: The Unexpected Occurrence of Aleurone Colors in

of a Cross between Non-colored Varieties of Maize. Am. Nat., 1912,

xlvi.

Emerson, R. A. : The Inheritance of a Recurring Somatic Variation in

Variegated Ears of Maize. Am. Nat., xlviii and Neb. A.E.S. Re-

search Bull., 1914, iv.

Emerson, R. A. : A Genetic Study of Plant Height in Phaseolus vul-

gam. Neb. A.E.8. Research Bull,, 1916, vii,

Emerson, R. A.: The Calculaition of Linkage Intensities. A.m. Nat.,

1916, 1.

Emerson, R. A. : Genetieal Analysis of Variegated Pericarp in Maize.

Genetics, 1917, ii.

Emerson, R. A., and Bast, E. M.; The Inheritanee of Quajiititative

Charaicters in Maize. Univ. Neb. Agrio. Exp. Station Bull., 1913, ii.



282 PHYSICAL BASIS OP HEEEDITY

Ewiitg, H. B, : Eigbty-seven Generations in a Parthogenetic Pure Line

of Aphis avence Fab, Biol, Bull^ 1916, xxxi.

Fbdeblby, H. ; Vererbnngsstndien an der Lepidopteren-Gattung Bygcsra,

Arch. Bass. Gesell., 1911.

Fbdbruby, H.: Da® Verhaliten der Chromosen bei der Spermatogenese

der Scbmetterlinge Pygeera anachoretaj curtula nnd pigra sowie

einiger ibrer Bastarde. Ein Beitrag zur Frage der konstanten inter-

mediaren Artbastarde mid der Spenmatogenese der Lepidopteren.

Zeitschr. f. inductive Ahstammungs- und Vererhimgslehre, 1912, ix,

Fedbklby, H. : Ein Beitrag znr Kenntnis der Spermatogenese bei Misch-

lingen zwischen Eltem versebiedener systematischer Verwandt-

scbaft. Ofversigt af Finska Vetenshaps-Societetens Fdrhandlmgar.

1914, Ivi.

Foot, K., and Strobell, E, C. : Preliminary Note on tbe Besnlts of

Crossing Two Heanipterous Species, etc, Biol, Bull,, 1913, xxiv.

Foot, EIatheriot, and Stbobbll, E, C, : Results of Crossing Euschistus

variolarim 'and Euschistus servus with Reference to the Inheritance

of an Exclusively Male Character.. Linn. Soc. Jour., 1914, xxxii.

Gai/toet, F.: Inquiries into Human Faculty, 1883, New York.
GautoisT, F. : Natural Inheritance, 1889, London.
Galtojt^ F.: Hereditary Genius, 1892, London.
GAiiTOisr, F. : Tbe Average Contribution of Each of Several Ancestors to

the Totail Heritage of the Offspring. Proc. Boy. Soc. Lond,, 1897, Ixi.

Gates, R. R. : Tbe Material Basis of Mendelian Phenomena. Am, Ned.,

1910, xliv.

Gates, R. R. : Pollen Formation in CEnothera gigas. Ann. Bot., 1911,

xxv.

Gates, R. R. : Tetraploid Mutants and Chromosome Mechanisms. Biol.

Gentr., 1913, xxxiii.

Gates, R, R. : On the Modification of Characters by Crossing. Am. Nat.,

1916, xlix.

Gates, R. R. : The Mutation Factor in Evolution, with Particular Refer-

ence to CEnothera, 1915, London.

Gates, B. R. : On Pairs of Species. Bot, Gaz., 1916, Ixi.

Gates, R. B. : Vegetative Segregation in a Hjybrid Race. Jour. Gen.,

1917, Vi.

Gates, R. R., and Thomas, N. : A Cytological Study of CEnothera rmt.

lata and CE. mut. semilata in Relation to Mutation. Quart. Jour.

Micr, Sc., 1914.

Gebrts, J. M. ; Beitrage zur Kenntnis der Cytologie und der partiellen

iStedEtiit von CEnothera Lamarckiana. Becueil des Trav. Bot.

Neerl., 1909, v.

Geeould, J. H.: The Inheritance of Polymorphism and Sex in Colios

philodice. Am. Nat., 1911, xLv.



LITERATURE 283

Godlbwsici^ E. : Untersuchungen iiber die Bastardierung der Echiniden-

und Chrinoidenfamilie, Arch. Ent.-mec., 1906, xx.

Goldschmidt, E. : Einfuiirung in diie Vererbungswisaensehaft. Leipzig,

1911.

Goldschmidt, R. : Erbli-obkeitsstudien an Scbmetterlingen. I, Zeits.

Abst. Yererh.f 1912, vii.

Goldschmidt, R. : Bemerkungen zur Vererbung des Gesehleohtspoly-

morphismiis. Zeits. Abat, Vererh., 1912, viii.

Goldschmidt, R.: A Preliminary Report on Further Experiments in

Inheritance and Determination of Sex. Proc. Nat. Ac. 8ci., 1916, ii.

Goldschmidt, R. : The Function of the Apyrene Spemiatozoa. Science,

n.s., 1916, xliv,

Goldschmidt, R,: Experimental Intersexuality and the Sex Problem,

Am. Nat., 1916, 1.

Goldschmidt, R.: Genetic Factors and Enzyme Reaction. Science,

1916, xliii.

Goldschmidt, R.; Crossing Over Ohne Chiasmatypie? Genetics, 1917, ii,

Goldschmidt, R. ; On a Case of Facultative Parthogenesis in the Gypsy-

moth Lymantria ddspar., with a Discussion of the Relation of

Parthenogenesis to Sex. Biol. Bull, 1917, xxxii.

Goldschmidt, R.: A Further Contribution to the Theory of Sex. Jour.

Exp. Zobl, 1917, xxii.

Goodale, H. D. : Studies on Hybrid Ducks. Jour. Exp. Zobl., 1911, x.

Goodale^ H. D. : Some Results of Castration in Ducks. Biol Bull,

1911, XX.

Goodale, H. D.; Sex-limited Inheritance and Sexual Dimorphism in

Poultiy. Science, 1911, xxxiii.

Goodale, H. D. ; Castration in Relation to the Secondary Sexual Char-

acteiH of Brown Leghorns. Am. Nat., 1913, xlvii.

Goodale, H, D.: A Feminized Coekeiel. Jour. Exp. Zobl, 1916, xx.

Goodale, H. D.: Gonadeetomy in Relation to the Secondary Sexual

Characters of Some Domestic Birds. Carnegie Inst., Wash., Pub.

No. 243. 1916.

Goodale, H. D., and Moeoan, T. H. : Heredity of Tri-color in Guinea-

pigs. Am. Nat., 1913, xlvii.

Goodspeed, T. H.: Quaintitative Studies of Inheritance in Nicotiana

Hybrids I-IV. Unix. Calif. Pub. Bot., 1912-^16, v.

Goodspeed, T. H. : On the Partial Sterility of Nicotiana Hybrids Made
with N. sylveatris as a Parent. Unix. CaUf. Pub. Bot., 1913, v.

Goodspeed, T. H. : Parthenogenesis, Parthenocsarpy and Phenospermy in

Nicotiana, Unix. Calif. Pub. Bot., 1915, v.

Goodspeed, T. H,, and Clatjsbn, R. E,: Variation in Flower Size in

Nicotiana. Proc. Nat. Acad. Sci., 1915, i.



284 PHYSICAL BASIS OF HEEEDITY

Goodspbed, T. H., and Clausen^ R. E. : Factors Influencing Flower Size

in Nicotiana with Special Reference to Questions of Inheritance.

AmerM Jour. Bot,, 1915, ii.

GoonsPBED, T. H., and Ci:*A.irsBN, R. E. : The Nature of the .Species

Hybrids between Nicotiana syVoestris and Varieties of Nicotiana

Tahacum with Special Reference to the Conception of Reaction-

system Contrasts in Heredity. Uni/v, Cal. Pub. Bot,, 1917, v.

Goodspbed, T. H., and Clausen^ R. B.: Mendelian Factor Differences

Versus Reaction-system Contrasts in Heredity. Am. Nat., 1917, 1.

Gortner, R. a. : Spiegleris “ White Melanin ” as Related to Dominant
or Recessive White. Am. Nat., 1910, xliv,

Gobtker, R. a.: Studies on Melanin I-III. Jour. Biol. Ciiem., viii;

IV. Am. Nat., 1910-11, xilv.

Gould, H. N. : Studies on Sex in the Hermaphrodite Mollusc Crepidula

plana. I. History of the Sexual Cycle, 1917, xxiii,

Gregory, R. P. : Note on the Histology of the Giant and Ordinary Forms
of Primtla sinensis. Proc. Cambridge PMl. Soo., 1909, xv.

Gregory, R. P. ; Experiments with Primula sinensis. Jour. Gen., 1911, i.

Gregory, R, P. : On Gametic Coupling and Repulsion in Primula sinensis.

Proc. Boy. Soc., 1911, B, Ixxxiv.

Gregory, R. P. : The Chromosomes of a Giant Form of Primula sinensis.

Proc. Cambridge PMl. Soc., 1912, xvi.

Gregory,R.P. : On the Genetics of Tetraploid Plants in Primula sinensis.

Proc. Boy. Soc., 1914, B, Ixxxvii.

Gregory, R. P.: On Variegation in Pnmula sinensis. Jour. Gen.,

1915, iv.

Gregory, R. P, : Note on the Inheritance of Heterostylism in Primula
acaulis Jacq.. Jour. Gen., 1915, iv.

Gulick, a. : Ueber die Geschleohtschromosomen bei einigen Nematoden.
Arch. f. Zellf., 1911, vi.

Guyer, M. F. : Hybridism and the Germ-cell. XJniv. of Cincinnati Bull.,

1902, No. 21.

Guyer, M. F. : The Geim-eell and the Results of Mendel, Cincinnati

Lancet-CUnic, 1903.

Guyer, M. F. : The iSpermatogenesis of the Domestic Chicken. Anat.
Am., 1909, xxxiv,

Guyer, M. F. : Atavism in Guinea-chieken Hybrids. Jour. Exp. Zobl.,

1909, vii.

Guyer, M. F. : Accessory Chromosomes in Man. Biol. Bid., 1910, xix.

Guyer, M, F. : Nucleus and Cytoplasm in Heredity. Am. Nat., 1911, xlv.

Guyer, M. F.: Accessory Chromosomes in Man, Soience, n.s., 1914,
XXXIX.

Guyer, M. F. : Studies on the Chromosomes of the Common Fowl as seen

in Testes and in Embryos. Biol. Bui., 1916, xxxi.



LITEEATUBE 286

Guybr^ M. P. : Being Well Bom. 1916. Indianapolis.

Hadley, P. B. : Studies on Inheritance in Poultry : I. The Constitution

of the White Leghorn Breed. Bull. 155. II The Fac-
tor for Black Pigmentation in the Whit© Leghorn Breed. Ibid.,

Bull 161, 1913-14.

Hagbdoorn’, a. L. : The Genetic Factors in the Development of the House
Mouse, etc. Zeita. Ahst. Vererb., 1912, vi.

Hance, R. T. : Variations in the Number of Somatic Chromosomes in

(Enothera acintillms De Vries. Genetics, 1918, iii.

Hareisoit, J. W. H., and Doncaster, L. : On Hybrids between Moths
of the Geometrid Sub-family Bistoninm, with an Account of the

Behavior of the Chromosoimes in Gametogenesis in Lycia (Biston)

hirtaria, Ithysia (Nyssia) sonaria and in Their Hybrids. Jour.

Genet,, 1914, iii.

Hayes, H. K., and Bast, E. M. : Further Experiments on Inheritance

in Maize. Gonn. A. E, S. BuU., 1915, dxxxviii.

Hegner, R. W. : Variation and Heredity during the Vegetative Reproduc-

tion of Arcella dentata. Proa. Na4^. Acad, 8ci., 1918, iv,

Hegner, R. W. : Quantitative Relations between Chromatin and Cyto-

plasm in the Genus ArceUa. Proceed, Nat, Acad, Sci,, 1919, v.

Hbnking, H. : Untersuchungen iiber die ersten Entwicklungayorgange in

den Eiem der Insekten. Zeits, f, wiss, Zobl., 1891, li.

Hbribert-Nilsson, N.: Die Variabilitat der CEnotJiera Lamarchiana

und das Problem der Mutation. Zeit, ind. Ahst. u, Vererh,, 1912, viii.

Hbrlant, M.: fitude sur les bases cytologiques du mecanisme de la

parth6nogen^ expi^rimentale ebez les Amphibiens. Archives de

Biologie, 1913, xxviii.

Herlant, M. : Le Mecardamo de la Parthdnogeiiese Experimentale chez

les Amphibiens et les Eohinodermes. BuU. Scientifique de la France

et de la Belgique, 1917, li.

Herlant, M. : Un Cas dHenmaphrodisme Complet et Fonctionnei chez

Parajeentrotus Lividis. Arch. Zodl. Exp. et Gen., 1918, Ivii.

Hebla, V. : Btudes des Variations de la Mitose chez PAscaride Mdgalo-

cdphale. ^rch. Biol, 1895, xiii.

Hogb, M. a.: The Influence of Temperature on the Development of a

Mendelian Charaoter. Jour. Exp. Zool, 1915, xviii.

Hogb, M. A. : Another Gene in the Fourth Chromosome of Drosophila.

Am. Nat., 1915, xilix.

Hyde, R. R.: Fertility and Sterility in Drosophila ampelophUa. I-IV

Jour. Exp. Zobl, 1914, xvii.

Hyde, R. R.: Two New Members of a Sex-linked Multiple (Sextuple),

Allelomorph System. Genetics^ 1916, i.

Hyde, R. R. : Mosaics in Drosophila ampelophila. Genetics, 1916, i.



286 PHYSICAL BASIS OF HEREDITY

Ibsen, H. L. : Tricolor Inheritance, I. The Tricolor Series in Guinea-pigs.

Genetics, 1916, i.

Ibsen, H. L. : Tricolor Inheritance, II. The Basset Hound. Genetics,

1916, i.

Ibsen, H. L. : Tricolor Inheritance, III. Tortoise-shell cats. Genetics,

1916, i.

• ISHiKAWA, Mitsuhabu : A list of the Humber of Chromosomes. Bot.

Mag., 1916, Tokyo, xxx.

Janssens, F. A. : Evoluition des auxocytes Males du Batracoseps Attenu-

atus. La Cellule, 1905, xxii.

Janssens, F. A. : La Theorie de la ohiasanatypie. Nouvelle interpreta-

tion des cineses de maturation. La CeUule, 1909, xxv.

Jennings, H. S. : Assoirtative Mating, Variability and Inheritance of

Size in the Conjugation of Paramecium. Jour. Exp, Zoot, 1911, xi.

Jennings, H. S,: Pure Lines in the Study of Genetics in Lower Organ-

isms. Am. Nat, 1911, xlv.

Jennings, H. S.: The Effect of Conjugation in Paramecium. Jour.

Exp. Zool, 1913, xiv.

Jennings, H. S., and BEargitt, G. T.: Characteristics of the Divense

Eaces of Paramecium, Jour. Morph., 1910, xxi.

Jennings, H. S., and Lashlet, K. S. : Biparental Inheritance and tlie

.Question of Sexuality in Paramecium. Jour. Exp. Zool., 1913, xiv.

Jesenko, F. : Sur une hybride fertile entre Triticum sativum et Secale

edreale. Bap, lY Conf. Internat de GinMique, 1913.

Jesenko, F. : Heber Getreide-Speziesbastarde. Zeits. Ahts., 1913, x.

JoHANNSBN, W. : Ueber Erblichkeit in Populationen und in reinen

Linien, 1903, Jena.

JOHANNSEN, W. : Ueber Knospenmutation bei Phaseolus. Zeit. Abst.

Vererb., 1908, i.

JoHANNSBN, W. : Elemente der exakten Erblichkeitslehre, 1909, Jena.

JoHANNSEN, W.: The Genotype Conception of Heredity. Am. Nat.,

1911, xlv.

Jones, D.: Dominance of Linked Factors as a Means of Accounting for

Heterosis. Genetics, 1917, ii.

F.: Gigantisan in Primida sinensis. Jour. Gen., 1912, ii.

Kebble, F., and Pbliew, C. : The Mode of Inheritance of Stature and
Time of Flowering in Peas {Pisum satiuum). Jour. Gen., 1010, i.

ksLiiOGG, Vbbnon L. : Inheritance in Silkworms, I. Stamford JJn. Pub.,

1908, i.

Kxktg, H. D. : The Sex Eatio in Hybrid Eats. Biol. Bull., 1911, xxi.

Kusohakewitsch, Sergius : Die Entwicklungsgeschiehte der Keim-
drtisen von Bana esculenta. Ein Beitrag zum Sexualitatsproblem.
Festschrift zum sechrigsten Geburtstag Eichard Hertwigs, II, 1910.



MTEBATTJEE 287

Lang, A. : Vererbimgswissensichaftliche Miszdlen. Zeits» Abst, Vererh.,

1912, viii.

Lashlby, K. S.: Inheritance in the Asexual Reproduction of Hydra.
Jour. Exp. Zodl.f 1916, xix.

Lashlby, K. S. : Results of Cantinuedi Selection in Hydra. Jov/r, Exp.
Zodl., 1916, XX.

Libf, Joseph : Data on a Peculiar Mendelian Ratio in Drosophila ampelo-
phUa, Am. Nat., 1916, xlix.

LiucjIB, F. R, : The Theory of the Free-onartin. Science, 1916, n.s,, xUii.

Lillie, F, R. : Sex-'determmation and Sex-Differentiation in Maimnals.
Proc. Nat. Acad. 8d., 1917, iii.

Lillie, F. R. : The Free-onartin. A Study of the Action of Sex-hormones
in the Foetal Life of Cattle. Jour. Exp. Zodl., 1917, xxiii,

Lippingott, W. a. : The Case of the Blue Andalusian. Am. Nat, 1918,
lii.

Lipsohutz, a. : On the Internal Secretion of the Sexual Glands. Jour.
Physiol, 1917, li.

Little, C. C.: Preliminary Note on the Occurrence of a Sex-limited

Character in Cats. Science, 1912, xxxv.

Little, C. C. : Experimental Studies of the Inheritance of Color in Mice.

Carnegie Inst, Wash., Pub. 179, 1913.

Little, C. C. : Dominant and Recessive Spo'Wang in Mice. Am. Nat,

1914,

xaviii.

Little, C. C. : The Inheritance of Black-eyed White Spotting in Mice.

Am. Nat, 1916, xlix.

Little, C. C. : The Relation of Yellow-Coat Color and Black-eyed White
Spotting of Mice in Inheritance. Genetics, 1917, ii.

Little, C. C., and Phillips, J. C. : A Cross Involving Four Pairs of

Mendelian Characters in Mice. Am. Nat, 1913, xlvii.

Lloyd-Jones, 0.: .Studies on Inheritance in. Pigeons, Jour. Exp. Zodl,
1915, xviii.

Look, R. H.: Recent Progress in the .Study of Variation, Heredity and
Evolution. 1906. London and New York.

Lock, R. H. : On the Inheritance of Certain Invisible Characters in Peas,

Proc. Boy. Soc., 1907, B, Ixxix.

Look, R. H. : The Present State of Knowledge of Heredity in Pismn.
Anmls. Boy. Bot Gar., 1908,. iv.

Loeb, J. : Ueber den autokatalytischen Oharakter der Kemsynthese bei

der Entwiddung, Biol. Cent., 1910, xxx,

Lobb, j.: Heredity in Heterogeneous Hybrids. Jour. Morph., 1912,
xxiii.

Lobb, J. ; Artificial Parthenogenesis and Fertilization, 1913, Chicago.

Lobb, J. : The Organism as a Whole. 1916. New York.



288 PHYSICAL BASIS OF HEREHITY

Losb, J. : Is Species Specificity a Headelian Cbaracter? Science, 1917^

xlv.

LobB; J.: Fuitber Experiments on tbe Sex of Parthenogenetic Frogs.

Free. Nat. Ac. 8ci., 1918, iv.

Lobb, j., and Bancroft, F. W. : Fnitilier OlDservations on Artificial Par-

thenogenesis in Frogs. Jour. Exp. Zodl., 1913, xv.

Loeb, j., and Chahbbrlain, M. M.: An Attempt at a Physico-chemical

Explanation of Certain Groups of Fluctuating Variation. Jour.

Exp. Zobl., 1915, xix.

Lobb, j. W*, King, W. 0. R., and Moore, A. R. : Ueher Dominanzer-

seheinungen bei den hybriden Plutein des Seeigels. Arch. Entw.
Org., 1910, xxix.

Lotsy, j. P. : Hybridee entre esp^ces- d^Antirrhinuan. Repts. 4th Intern.

Conf. Gmet., 1911, Paris.

Lotsy, J. P. : Evolution by Means of Hybridization. 1916. The Hague.
Love, H. H.,| and Leighty, C. E. : Variation and Correlation of Oats

{Avma sativa). Cornell A.E.S.^ 1914.

Love, H. H., and Leighty, C. E. : Changes on Biometrical Constants.

Cornell A.E.S., Memoir 3, 1914.

Lutz, A. M. : Triploid Mutants in (Enothera. Biol. Centr., 1912. xxxii.

Lutz, A. M. : (Enothera Mutants with Diminutive Chromosomes. Am.
Jour. Bot, 1916, iii.

Lutz, A. M.: Fifteen- and Sixteen-Chromosome (Enothera Mutants.

Am. Jour. Bot., 1917, iv.

Lutz, F. E.: Experiments with BroaophUa ampelophila Concerning

Evolution. Carnegie Inst.^ Wash., Puh. 143, 1911.

Lutz, F. E. : Experiments Concerning the Sexual Difference in the Wing
Length of Drosophila ampelophila. Jour. Exp. Zobl., 1913, xiv.

McClung, C. E.: The Accessory Chromosome—Sex-Determinant'?

Biol. Bull., 1902, iii.

McClung, C. E.: Notes on the Accessory Chromosome. Aimt, Am.,
1902, XX.

MoClung, C. E. : The Chromosome Complex of Orthopteran Spermato-
cytes. RM BwZZ., 1905, ix.

MoClung, C. E. : A Comparative Study of the Chromosomes in Orthop-
terah Spermatogenesis. Jour. Morph., 1914, xxv.

MoClung, C. B. : The Multiple Chromosomes of Hesperotettix and Mer-
miria. Jour. Morph., 1917, xxix.

MaoCurdy, M. : Nudear Reorganization and Its Relation to Conju-
gation and Inheritance in AroeUa vulgaris. Anat. Record, 1919, xv.

MaoDougal, D. T. : Alterations in Heredity Indtieed by Ovarian Treat-
ments. Bot. Gaz., 1911, li.

MaoDougal, D. T.j Vail, A. M-j Shull, G. H,; and Small, J. K.:
Mutants and Hybrids of the (Enotheras. Carnegie Inst., Wash.,
Puh. 24, 1905.



LITEEATUEE 289

MaoDougal, D. T.; Vail, A, M.; and Shull, Q-. H.: Mu-tations, Varia-

tions and Eolationships of the (Enotheras. Ibid., Pub. 81, 1907.

MaoDowbll, E. C. : Size Inheritance in Rabbits. Carnegie Inst,, Wash,,

Pnh. 196, 1914.

MaoBowbll^ E. C. : Multiple Eactors in Mendelian Inheritance. Jour,

Exp. Zodh, 1914, xvi.

MaoDowbLl, E. C, : Bristle Inheritance in Drosophila, Ibid,, 1915, xbt.

Marohal, fin. and iJK. : Reeherches Exp^rimentales sur la Sexuality des

Spores chez les Mousses dioiques. MSm, couronnis, par la Olasae dea

sciences, dans la sSance du 15 dicembre 1905, 1906.

Mabohal, '&L. and ilSlM. : Aposporie et Sexuality chez les Mousses. Bull,

de VAcad, roy. de Belgique, {Classe de science), no. 7, 1907.

Mabohal, fin. and : Asporie et Sexualit4 chez les Mousses, Bull, de

VAcad. toy, de Belgique. (Classe de science), no, 1, 1919.

Mabohal, £l. and Sm. : Asporie et Sexualitd chez les Mousses. III.

Bull, de VAcad. roy. de Belgique, (Classe de science), nos. 9-10.

MakSohal, J. : .Sur POvog^n^ des Selaciens et de quelques autres Chor-

dates., I. Morphologie de TElement ehromosomique dans TOvocyte I

chez les Selaciens, les Teleosteens, les Tuniciers et PAmphioxus.
La Cellule, 1906, xxiv.

May, H. G. ; The Appearance of Reverse Mutations in the Bar-eyed Race
of Drosophila under Experimental Control. Proc. Nat. Acad, Set,,

1917, iii.

Mat, H. G. : Selection for Higher and Lower Facet Numbers in the

Bar-eyed Race of Drosophila and the Appearance of Reverse Muta-
tions. Biol. Bull., 1917, xxxiii.

DB Mbijbre, J, C. H.: Ueber Jacobsons Ziichtungsversuehe beziiglich

des Polymorphismus von Papilio Memnon. Zeit. Ahst. Vererb.,

1910, iii.

DB Mbijebe, j. C. H.: Ueber getrennte Vererbung der Geschlechter.

Biol. Centr., 1910, xxx.

DE Mbijbre, j. C. H, : Ueber getrennte Vererbung der Geschlechter.

Arch. Bass. Gesell., 1911, viii.

Mbisenhbimeb, j. : Experimen telle Studien zur Soma- und Geschleehta-

diflereiizierung, I. Jena, 1909,

Mbisekheimeb, j. ; Experimentelle Studien zur Soma- und Gesehlechts-

difPerenzierung. Feats zum 60 Geburtstage von Dr. J. W, Spengel,

1912, iii,

Mendel, G. : Versuche iiber Pflanzen-hybriden. Verb. d. Naturf, Vereins

in Brilnn, 1865, iv.

Metz, C. W,: An Apterous Drosophila and Its Genetic Behavior. Am.
Nat., 1914, xlviii.

Metz, C, W,: Chromosome Studies in the Biptera, I. Jottr. Exp. Zool.,

1914, xvii.

19



290 PHYSICAL BASIS OF HEREDITY

Metz^ C. W.: Mutations in Three Species of Drosophila, Genetics,

1916, i.

Metz, C. W.: Chromosome Studies on the Diptera. II. The Paired

Association of Chro-mosomes in the Diptera, and Its Significance,

Jowr. Exp, Zobl,, 1916, xxi.

Metz, C. W.: Chromosome Studies on the Diptera. III. Additional

Types of Chromosome Groups in the DrosopMUdce. Am. Nat,,

1916,1.
, _

Meves, P.: Die Spermatocytenteilungen bei der Honigbione. Arch,

milcr. Anat,, 1907, Ixx.

Meves, P. : Die Spermatocytenteilungen hie der Ilomisse (Vespa crahro

L.) Arch, mikr, Anat,, 1908, Ixxi.

Morgan, T. H. : An Alternative Interpretation of the Origin of Gynan-

dromorphous Insects. Science, 1905, n.s., xxi,

Morgan, T.H.: Experimental Zoology, 1907, New York.

Morgan, T H. : The Determination of Sex in Progs. Am, Nat,, 1908,

xlii.

Morgan, T. H. : A Biological and Cytologieal Study of .Sex-Detennina-

tioE in Phylloxerans and Aphids. Jour. Exp. Zobl,, 1909, yii.

Morgan, T. H. : Hybridology and Gynandromorphism. Am, Nat,, 1909,

xliii.

Morgan, T. H. : .Sex-limited Inheritance in Drosophila, Science, 1910,

xxxii.

Morgan, T. H. : The Chromosomes in the Parthenogenetie and Sexual

E'ggs of Phylloxerans and Aphids, Proc, Soc. Exp, Biol, and Med,,

1910, vii.

Morgan, T. H. : Chromosomes and Heredity. Am, Nat., 1910, xliv.

Morgan, T. H. : The Method of Inheritance of Two Sex-limited Charac-

ters in the Same Animal. Proc, Soc. Exp, Biol. Med., 1910, viii.

Morgan, T. H. : An Attempt to Analyze the Constituition of the Chromo-
somes on the Basis of Sex-limited Inheritance in Drosophila, Jour,

Exp. Zobl., 1911, si,

Morgan, T. H. : Mosaics and Gynandromorphs in Drosophila, Proc,

Soc. Exp, Biol, Med,, 1914, xi.

Morgan, T. H. : Two Sex-linked Lethal Pactors in Drosophila and Their
Influence on the Sex Ratio. Jour. Exp, Zobl,, 1914, xvii.

Morgan, T. H. : A Third Sex-linked Lethal Paotor in Drosophila, Jour,
Exp. Zobl., 1914, xvii.

Morgan, T. H. : The Constitution of the Hereditary Material. Proc, Am,
Philos, Soc., 1915, liv.

Morgan, T. H. : Localization of Hereditary Material in the Germ-cells.

Proc, Nat. Acad. Sci., 1915, i.

Morgan, T. H. : The Role of the Environment in the Realization of a
Sex-linked Mendelian Character in Drosophila, Am, Nat,, 1915,
xUx.



LITBEATUBE 291

Morgan, T. H. : A Critique of the Theory of Evolution, Prmceton
Vniv. Press, 1916-

Morgan, T, H. : The Theory of the Q-ene. Am» Nat, 1917, li.

Morgan, T. H. : Coiioeming the Mutation Theory. Sd. Mon,, May, 1918.

Morgan, T. H. : Changes in Factors Through Seleetibn. Sd, Monthly,

June, 1918.

Morgan, T. H. : Evolution hy Mutation. Sd, Mon,, July, 1918.

Morgan, T. H. : A Demonstration of Genes Modifying the Character

<^Notch.’» Carnegie Pub, No. 278, Part IV, 1919.

Morgan, T. H., and Bripges, C. B. : Dilution Ei^eets and Bicoloriam in

Certain Eye Colors of Drosophila, Jour, Exp, Zobl,, 1913, xv.

Morgan, T. H,, and Bridges, C. B. : Sex-linked Inheritance in Droso-

phila, Carnegie Inst,, Wash., Pub, 237, 1916.

Morgan, T. H., and Bridges, C. B,: The Origin of Cynandromorphs.

Carnegie Pub, No. 278, Part 1, 1919.

Morgan, T. H., and Cattbll, E.: Data for the Study of Sex-linked

Inlieiitance in Drosophila. Jour. Exp. Zodl., 1912, xiii.

Morgan, T. H., and Cattbll, E.: Additional Data for the Study of

Sex-linked Inheritance in Drosophila, Jour, Exp, Zodl., 1913, xiv.

Morgan, T. H., and Goodale, H. D. : Sex-linked Inheritance in Poultry.

Ann, N. Y, Acad. ScL, 1912, xxii.

Morgan, T. H., and Lynch, C. J. : The Linkage of Two Factors in

Drosophila That are Not Sex-linked. Biol. Bull., 1912, xxiii.

Morgan, T. H., Payne, F., and Browne, E. N. : A Method to Test the

Hypothesis of Selective Fertilization. Biol. Bull, 1910, xviii.

Morgan, T. H.; Stortevant, A. H.; Muller, H. J., and Bridges, C. B.:

The Meehanisan of Mendelian Heredity, 1916, New York.

Morris, Margaret : The Behavior of the Chromatin in Hybrids between

Funduliis and Cteiinlabrus. Jour. Exp. Zobl, 1914, xvi.

Muller, IT. J. : A New Mode of Segregation in Gregory's Tetraploid

Primulas. Am. Nat., 1914, xlviii.

Muller, 11. J. : The Bearing of the Selection Experiments of Castle and

Pliiilips on the Variability of Genes. Ibid,, 1014.

MuLLiat, H. J.: A Gene for the Fourth Chromosome oP Drosophila,

Jour, Exp. Zobl, 1914, xvii.

Muller, H. J. : The Mechanism of Crossing Over. Am. Nat, 1916, 1.

Muller, H. J. : An CEnothera-like ease in Drosophila. Proc. Nat. Acad.

Sd,, 1917, iii.

Muller, H. J.: Genetic Variability, Twin Hybrids and Hybrids, in a

Case of Balanced Lethal Factors- Genetics, 1918, iii.

Mulsow, K.: Der Chromosooneneyclus bei Ancyracantlms cystidioola

End. Arch. f. Zellf., 1912, ix.

Naboubs, R, K. : Studies of Inheritance and Evolution in Orthoptera I.

Jour. Genet, 1914, iii. 11. Ibid,, 1917. III. Ibid., 1917.



PHYSICAL BASIS OF HEREBITY

R. K.: Parthenogenesis and Crossing Over in the Grouse

3t Apotettix. Am, Nat., 1919, liii.

BiM, H.: Parthenogenese, Bireifung und Qeschleehtabestim-

: bei der Honigbiene. SiUgvmshefn Geselh Morph, u, Phg$.

ihen, 1912.

[, : Cytological Studies on the Nuclear Division of the Pollen

er-ceHs of Some Cereals and Their Hybrids. Jour, Coll, Agr,,

kuimp, UnL, Sapporo, Japan, 1911, v.

H. H. : Spawning Behavior and Sexual Dimorphism in Fun-
heteroclitus and Allied Pish. Biol, Bull,, 1907, xii.

H. H. : Further Studies of the Process of Heredity in Pun-
Hybrids, Jour. Exp, Zool., 1910, viii.

ShItB, H. : Om lifstyper och individuell Variation. Bot. No-
Lund, 1907.

Shlb, H. : Einige Ergebnisse von Kreuzungen bei Hafer und
3n. Bot. Notiser, 1908.

Shlb,. H.: Kreuzungsuntersuchungen an Hafer und Weizen.
*8 XJnw. Arsskrift, 1909,

J. C. : A Further iStudy of the Size Inheritance in Ducks with

•vations on the Sex Ratio of Hybrid Birds. Jour. Exp. Zool,,

XVI.

D. : A Study of the Relation of the Behavior of the Chromatin
ivedopment and Heredity in Teleost Hybrids. Jour, Morph.,
xxxi.

: yererhungslehre. 1913. Leipzig.

3. H. : The Effect of Temperature on Crossing Over. Jour,

Zool,, 1917, xxiv.

H. H. : Linear Arrangement of Genes and Double Crossing

Proceed. Nat. Acad., 1919, v.

R. C. : On Nutrition and Sex-Determination in Man. Proc.

r, Phil. Soc., 1903, xii.

R. C. : Sex-Determination in Hydatina, with Some Remarks
irthenogenesis. Proc. Bog. Soc,, 1906, Ixxviii.

R. C. : Mendelism, third ed., New York, 1911.

R. C.: Inheritance of Coat Color in Rabbits. Jour, Gen,,

ii.

R. C.: Reduplication Series in Sweet Peas. Jour, Gen,,

iii.

R. C. : Further Experiments on the Inheritance of Coat Color
bbits. Jour. Gen., 1915, v.

R. C,, and Bailby, P. G. : On Inheritance of Weight in Poul-
Jowr, Gen., 1914, iv.

: C3rtological and Experimental Studies in Citrus. Jour, Coll,

Imp. Uni. Tokyo, 1912, iv.



LITEBATTJEE 293

Paokabd, C. : The Effect of Radium Badiatioue on the Development
of Chaetoptems. Bioh 1918, xxxv.

pANTEL, J.,and SiNiTY^ R. db: Sur TApparition des mfi-lea et d^Hermaph-
rodites dans les pontes parth^nog^n^tique® des Phaames, C, R.
Acad. Sci., 1908, cxlvii.

Patetb, P.; An Experiment to Test the Nature of the Variations on
which Selection Acts, Indiana Unii), Studies, 1918, v,

Payot, P, : The Effect o-f Artificial Selection on Bristle Number in

Drosophila ampelophila and Its Interpretation. Proc. Nat» Acad,
ScL, 1918, iv.

Peari/, R. : The Mode of Inheritance of Pecxmdity in the Domestic PowL
Jour, Exp, Zobl,, 1912, xiii.

Bawm, E. : Sex Ratios in Drosophila ampelophila, Biol, Bull., 1913,

xxiv.

Riddle, 0. : Our Knowledge of Melanin Color Formation and Its Bear-
ing on the Mendelian Description of Heredity. Biol. Bull., 1909,

xvi.

Riddle, 0. : Preliminary Ch^ical Studies on Male- and Pemale-Produo-
ing Eggs of Pigeons. ;S'ci^wcc, 1912, xxxv.

Biddle, Osoae: Sex Contiol and Known Correlations in Pigeons. Am.
Nat., 1916, 1, pp. 385-410.

Riddle, Oscar: Success in Controlling .Sex. Jour. Ilered., 1916, rii.

Riddle, Oscar : The Tlieoiy of Sex as Stated in Terms of Results of

Studies on Pigeons. Science, 1917, n.s., xlvi.

Biddle, Oscar: The Control of the Sex Ratio. Joum. Wash. Acad. Sc.,

1917, vii.

Reddle, Oscar: The Theory of Sex as' Stated in Terms of Results of

Studies on Pigeons. Science, 1917, n.»,, xlvi.

Robertson, W. R. B. : Chromosoane Studies. III. Inequalities and

Deficiencies in Homodogons Chromosomes: Their Bearing upon
Synapsis and the Loss of Unit Characters. Jour. Morph., 1915, xxvi.

Robertson, W. R. B,: Chromosome Studies. I. Taxonomic Relation-

ships .Shown in the Chroanosomes of Tetiigidte and Acrididoc: V-
shaped Chromosomes and Tlieir Significance in Acrididcs, Locustidos,

and Qryllidm: Chromosomes and Variation. Jour. Morph., 1916,

xxvii.

Robertson, W. R. B.: Chromosome Studies IV: A Deficient Super-

numerary Accessory Chromosome in a Male of Tettigidea parvi-

pennis, Kansas Um. Sci. Bull,, 1917, x, No. 14,

Rosenberg, 0.: Daa Verhaltea der Chromosomen in cinor hybriden

Pflanase. Ber. Deutsch. hot. Qessell, 1903, xxi.

Rosenberg, 0.: Ueber die Totradenteilung eines Drosera-Bastardes.

Ber, deutsch. hot, Qesell,, 1904, xxii.



PHYSICAL BASIS OF HEEEDITY

ERG, 0. : Cytologische imd morpliologische Studien an Drosera

gifolia)(^rotund£U)fia, KungL SevensJca Vetem-Kaps, ahad*

nkl,, 1909, xliii.

RS, E. R. : Further Experiments on the Inheritance of “ Double-

and Other Characters in Stocks, Jowr, Genet,, 1911, i.

RS^ E, R. : Studies in the Inheritance of Doubleness in Flowers.

Petunia. Jowr, Genet,, 1911, i.

IRS, E. R, : Fuither Contribution to the Study of the Inheritance

Hoariness in Stocks. {Mathiola,) Proc, Boy, 8oc,, 1912, B.

XV.

®s, E, R. ; On the Mode of Inheritaneei of Cexitain Characters

Double-throwing Stocks. A reply. 2^eit. Ahst, Yererh,, 1913, x.

J.: Das Verbalten der Geschlechtscbromosomen bei Lepidop-

sn. Zool, Anz,, 1913, xli.

J.; Das Verhalten der Geschleehtsehromosomen bei Lepidop-

en. Archw, fur Zellfor,, 1915, xiii.

R, C., Morgan, W. db, and Fctohs, H. M. : On Paternal Charac-

3 in Echinoid Hybrids. S., 1912, Iviii.

, G. 0.: A Contribution to the Physiology of Wing Develop-

at in Aphids, Biol, Bull,, 1918, xxxv.

A. F. : Studies in the life Cycle of Eydatina senta, I, Jour,

p, Zool,, 1910, viii.

A. F.: Inheritance in Eydatina senta, II. Jour, Exp, Zool,,

S, xviii.

G. H. : The Composition of a Field of Maize. Am, Breeders^

soc,, 1908, iv.

G. H.: The "Presence and Absence” Hypothesis. Am, Nat,,

19, xliii.

G. H. ; A Pure Line Method in Com Breeding. Am, Breed. Ass,,

>9, V.

G. H. ; Hybridization Methods in Corn Breeding. Am, Breeder's

1910, i.

G. H. : Inheritance of Sex in Lychnis. Bot, Gaz., 1910, xlix.

G. H.: Reversible Sex-mutants in Lychnis dioica. Dot, Gaz,,

.1, lii.

G. H. : Genotypes, Biotypes, Pure lines, and Clones, Science,

.2, xxxv.

G. H.: Hermaphrodite Females in Lychnis dioica. Science,
2, xxxvi.

G. H. : Dupheate Genes for Capsule Form in Bursa bursa-pa5h
is* Zeits, Ahst. Yererh,, 1914, xii.

G.: Farnia und Flora des Golfes von Neapel. Rhizoceplialn.
ol, Sta, Neapel. Monographie, 1906, xxix.

G. : Crustacea. Gam. Nat, Eist,, 1909.



rjTEBATUEE 295

Smith, G. : Studies in the Experimental Analysis of Sex. Parts 1 and 2.

Q. J. 'M‘. 8., 1910, liv.

Smith, G. : Studies in, the Experimental Analysis of Sex. Parts 3 and
4. J. jaf. 1910, Iv.

Smith, G, : Studies in the Experimental Analysis of Sex. Part 5. Q, /.

M. 8., 1911, Ivi.

Smith, G.: Studies in the Experimental Analysis of Sex. Part 6.

Q. J. M. 8., 1911, Ivii.

Smith, G.: Studies in the Experimental Analysis of Sex. Part 7,

Q. J. M. 8., 1911, Mi.
Spillmah, W. j. : Spurious Allelomorphism. Results of Recent Investi-

gations, Am. Nat.f 1908, xlii.

SpiLiiMAH, W. J. : Barring in Barred Plymouth Rocks. Poultry, 1909, v.

Staplbs-Bbowh, R,; Second Report on the Inheritance of Color in

Pigeons, vrith Special Reference to Sex-limited Inheritance, 1912.

Stakk,M. B.: An Hereditary Tumor in the Fruit Fly, Drosopldla.

Jour. Cancer Besearoh, 1918, iii.

Stabk,M. B, : An Hereditary Tumor. Jour. Exp. Zool., 1919, xxvii.

Stbvbhs, N. M: Studies in Spermatogenesis with Especial Reference

to tlie “Accessory Chromosome/^ Carnegie Inst, Wash., Pub. 36,

1905.

Stkvbnb, N. M. : A Study of the Germ-cells of Certain Diptera. Jour.

Exp. Zool,, 1908, V.

Stsvbns, N. M.: Heteroohromosomes in the Guinea-pig, Biol. Bull.,

1911, xxi.

Stout, A. B. ; The Establishment of Varieties in Coleus by the Selection

of Somatic Variations. Carnegie Inst., Wash., Pub. 218, 1915.

Strasburgbr, E.: Kernteilung bei der Erbse. Flora oder Allg. Bot
Zeit. Milnchen, 1911, ii.

Strong, R. M. : Results of Hybridizing Rdng-doves, Including Sex-linked

Inheritance. Biol. Bull., 1912, xxiii.

Stubtevant, a. H,: An Experknent Dealing with Sex-linkage in

Fowls. Jour. Exp. Zool., 1912, xii.

Sturtevant, a. H. : Is Thei’e Association between the Yellow and Agouti

Factors in Mice? Am. Nat, 1912, xivi.

Sturtevant, A. H. : The Linear Arrangement of Six Sex-linked Factors

in Drosophila, etc. Jour. Exp. Zool., 1913, xiv.

Sturtevant, A. H.: The Himalayan Rabbit Case, witli, Some Consid-

erations on Multiple Allelomorphs. Am. Nat, 1913, xivii.

Sturtevant, A. HI: A Third Group of linked Genes in Drosophila

ampelophila. Science, n.s., 1913, xxxvii.

Sturtevant, A. H.: The Reduplication Hypothesis as Applied to

Drosophila. Am. Na^., 1914, xlviii.



296 PHYSICAL BASIS OP HEEEDITY

Sttotevant, a. H, : linkage in the Silkworm Moth. Am. Nat., 1914,
xlviii.

Sturtbvakt, a. H. : No Crossing Over in the Female of the Silkworm
Moth. Ibid., 1915, xlix.

Sturtbvant, a. H.: A Sex-linked Character in Drosophila repleta.

Ibid., 1916.

Sturtbvant, a. H.: Experiments on Sex-Recognition and the Prob-

lem of Sexual Selection in Drosophila. Jour. Am. Behav., 1915, v.

Sturtbvakt, a. H.: The Behavior of the Chromosomes as Studied
1

through Linkage. Zeit, Ahst. Vererh., 1916, xiii.

Sturtevant, a. H. : Genetic Factors Affecting the Strength of Linkage
in Drosophila. Nat. Acad. Sd., 1917, iii.

Sturtevant, A. H.: Crossing Over without Chiasmatype. Genetics, I

• 1917, ii.
\

Sturtevant, A. H. : An Analysis of the Effects of Selection. Carnegie

Inst., Wash., Pub. 264, 1918.

Sturtevant, A. H.: A Parallel Mutation in Drosophila funebris.

Science, 1918, xlviii,

Sturtevant, A. H, : Inherited Linkage Variations in the Second Chro-
‘

mosome. Carnegie Pub. 278, Part III, 1919. •
j

Sturtevant, A. H., Bridges, C. B., and Morgan, T. H. : The Spatial

Relations of Genes. Proceed. Nat. Acad,, 1919, v.

Sumner, F. B.: Genetic Studies of Several Geographic Races of Cali-

fornia Deer-miee. Am. Nat., 1915, xlix.

Sumner, F. B. ; Several Color Mutations in Mice of the Genus, Par- f

omyscus. Genetics, 1917, ii. !

Sutton, W. : On the Morphology of the Chromosome Group in Brddhy-
|

stola Magna. Biol. Bull., 1902, iv. ;

Sutton, A. W. ; Experiments in Crossing a Wild Pea from Palestine
with Commercial Peas. Bap. IV Conf. Internat. de Gen6tique., '

1913.
^

Tanaka, Y. : A Study of Mendelian Factors in the Silkworm, Bombyx
!

mori. Jour. Col, Ag. Tohohu Imp. TJniv., 1913, v. i

Tanaka, Y,: Gametic Coupling and Replusion in Silkworms. Ibid., t

1913, V. :

Tanaka, Y. : Further Bata on the Reduplication in Silkworms. Ibid.,

1914, vi. ‘

:

Tanaka, Y. : Sexual Dimorphism of Gametic Series in the Reduplication.
i

Trans. Sapporo Nat. Hist. Soc., 1914, v.

Tanaka, Y. : Further Data on the Reduplication in Silkworms. Jour,
Coll. Agr. Sapporo, Japan, 1914, vi.

'

Tennent, D. H.: a Heterochromosome of Male Origin in Eohinoids.
Biol. Bull., 1911, xxi.

>•

k



LITBBATXJEE 297

Tennent, D. H. : Studies in Cytodogy, I and IL Jour. Exp. Zooh,

1912^ xii.

Thompson, J. A. : Heredity, 1908, Ixjndon and New York.

Tischlbb^ G. : Ueber Embryosack-Obliteration bei Bastardpflanzen. Bot.

Centralbl. Beihefte, 1903, xv.

TisCfHLER, G. : Ueber die Eutwicklung der Bexualorgane bei einem steri-

len Bxyonia-Bastard. Ber, deutsch. hot. GeseU., 1906, xxiv.

Txsohleb, G. : Ueber die Eutwicklung dee Pollens und der Tapetenzellen

bei Bibeshybriden. Jdkr. wisa, Bot., 1906, xlii.

Towbb, W, L. : An Investigation of Evolution in Ghxysomelid Beetles of

tihe Gtenus Leptinotarsa. Carnegie Inst.^ Wash., Bub., 1906, xlviii.

Towbb, W. L. : The Determination of Dominance and the Modification of

Behavior in Alternative (Mendelian) Inheritance by Conditions Sur-

rounding or Incident upon the Germ-cells at Fertilization. Biol.

Bull., 1910, xviii.

Toyama, K. : Studies on the Hybridology of Insects, I. On Some Silk-

worm Crosses, with Special Reference to Mendel's Law of Heredity.

Bull Coll Agr., Tokyo Imp. Uni., 1906, vii.

Toyama, K.: On Certain Characteristics of the Silkworm Apparently

Non-mendelian. Biol Cent., 1912, xxxii.

Tbow, a. H. : On the Inheritance of Certain Characters in the Common
Groundsel

—

Senecio vulgaris—and Its S^egates. Jour. Oenet.,

1913, ii.

Trow, A. H.: Forms of Reduplication-—^Primary and Secondary. Jour.

Genet., 1913, ii.

Trow, A. H. : A Criticim of the Hypothesis of linkage and Croseing

Over. Jour. Gen., 1916, v.

Tsohbemak, E. : Ueber kunstliche Kireuzung bei Pisum sativum. Zeit.

landw. Versuoh. Oest., 1900,

V. Tschebmak, a.: Ueber don Einfluss der Bastardiorung auf Form,
Farbe und Zeichnung von Kanarieneiem. Biol Gentr., 1910, xxx.

V. Tschebmak, A. : Ueber Veranderung dor Form, Farbe und Zeichnung

von Kanarieneiem durch Bastardierung. Arch. f. Gesell Phys.,

1912, cxlviii.

V. Tschebmak, E. : Der moderne Stand des Vererbungaproblems. Arch.

Baas, und Gesell, 1908, v.

Db Vilmorin^ P., and Batesont, W. : A Case of Gametic Coupling in

Pisum. Proc. Boy, 8oc., 1911, B, Ixxxiv,

Db Vbibs, H.: Die Mutationstheorie. 1901. Leipzig.

DbYbies, IL: .Species and Varieties; Their Origin by Mutation, 1905,

Chicago.

DBYRncs, H.: Plant-Breeding; Comments on the Experiments of Nils-

son and Burbank, 1907, Chicago.

Db Vbibs, H« : On Twin Hybrids. Bot. Gaz., 1907* xliv.



298 PHYSICAL BASIS OP HEREDITY

Be Ymes, H. : Ueber die Zwillingsbastarde von (Enothera nmella. Ber.

deutsch, hot. Ges., 1908, xxvi.

Be Yribs, H. : Baetarde von (Enothera gigas. Ber. deutsch. hot, Ges,,

1908, xxvi.

Be Yribs, H. : On Triple Hybrids. Bot, Gaz, 1909, xHix.

Be Yeies, H. : Ueber Boppeltreziproke Bastaxde von (Enothera hiennis

and 0, muricata, Biol, Centr,, 1911, xxxi.

Be Ymbs, H. : Orappenweise Artbildnng, 1913, Berlin.

Be Yribs, H.: The Probable Origin of (Enothera Lamarchiana Ser.

Bot, Gaz,, 1914, xvii.

Be Yribs, H. j Ueber kiinstliche Besehleunigung der Wasseraufnahzne in

Samen dureh Bruck. Biol Centr,, 1915, xxxv.

Be Yries, H. : (Enothera gigas rnmella, a Mendelian Mutant. Bot, Gaz,,

1915, lx.

Be Yries, H. : New Bimorphie Mutants of the (Enotheras, Bot, Gaz.,

1916, In.

Be Yribs, H. : Miass Mutation in Zea Mays. Science, 1918, xivii.

Be Yries, H. ; Yan Amoebe tot Menseh. Laatste Les aan de TJmversi-^

teit mn Amsterdam, op 13 Juni 1918.

Wbinstbut, a.: Coincidence of Crossing Over in Drosophila melano-

gaster (ampelophila). Genetics, 1918, iii.

Wenbioh, B. H.: The Spermatogenesis of Bhrynotettix Magnus with

Special Eeference to .Synapsis and the Individuality of the Chromo-
somes. Bull Mus, Comp. Zool, Harvard CoU., 1916, lx.

Weismann, a. : The Germ-plasm, English translation by W. N. Parker
and Harriet Ronnfeldt, New York, 1893.

Weismank, a. : Yortrage iiber Beszendenztheorie, Jena, 1913.

.Wheeler, W. M. : The Origin of Female and Worker Ants from the

Eggs of Parthenogenetie Workers. Science, 1903, xviii.

Wheeler, W. M.: The Effects of Parasitic and Other Kinds of Cas-
tration in Insects. Jour, Exp. Zool, 1910, viii.

Wheeler, W. M. : A Gynandromoiphous Mutillid. Psyche, 1910, xvii,

Wheeler, W. M. : Gynandromorphous Ants, Bescribed During the Dec-
ade, 1903-1913. Am. Nat., 1914, xlviii.

Wheldalb, M. : On the Nature of Anthoeyanin. Proc. Cambridge Phil
Soc., 1909, XV.

Wheldalb, M. : The Colors and Pigments of Flowers, with Special Ref-
erence to Genetics. Proc. Boy. Soc., 1909, B, Ixxxi,

Wheldalb, M. : Die Yererbung der Bllitsenfarbe bei Antirrhinum majus,
Zeit, Ahst. Vererh,, 1910, iii.

Wheldalb, M.: The Chemical Differentiation of Species. Biochem.
Jour., 1911, V.

Wheldalb, M. : On the Formation of Anthoeyanin. Jour. Gen,, 1911, i



LITEBATTJBB I# 'v

WHBLiDALiBi, M,, and Bassbtt, H. li.: The Flower
num majus. III. The Red and Majenta

1914, viii.

Wheldalb, M, : The Chemical Interpretation of Some Mendelian Fac-

tors for Flower Color. Proc. Boy^ 800 ,, 1914, B, Ixxxvii.

White, 0. E, : Inheriitan-ce Studies in Pisum L Inheritance of Coty-

ledon Color. Am, Nat, 1916, 1.

White, 0. E. : Inheritance Studies in Pisum IV. Interrelation of the

Genetic Factors of Pisum. Jour, Agr. Mesearch, 1917, xi.

White, 0. E.: Inheritance of Endosperm Color in Maize, Am. Jour,

Bot, 1917, iv.

White, 0. E. : Studies of Inheritance in Pisum. II. The Present State of

Knowledge of Heredity and Variation in Peas. Proc. Am. Phil,

80c,, 1917, Ivi.

White, Thos H. : Tomato Variations Induced hy Culture. Jkfd. A.W,8.

Bull 173, 1913.

Whitney, D. D. : Reinvigoration Produced by Cross Fertilization in

Hydatina senta. Jour, Exp, Zool, 1912, xii.

Whitney, D. D.: The Influence of Food in Controlling Bex in Hydatina

senta. Jour. Exp, Zool, 1914, xvii.

Whitney, D. D. : The Control of Sex by Food in Five Species of

Rotifers. Jour, Exp. Zool, 1916, xx.

Whitney, D. D. : The Relative Influence of Food and Oxygen in Con-

trolling Sex in Rotifers. Jour. Exp. Zodl, 1917, xxiv.

Whitten, J. C. : Progress R^ort on Horticultural Investigations. Mo.

A.E.S, Bull 131, 1915.

WiOHUUA, M. : Die Bastardbefruchtung im Pflanzenreich, 1865, Breslau.

WiBMAN, H. L. : The Chromosomes of Human Spenimtocytes. Am, ^

Jour. Anat, 1917, xxi. 1

Wilson, E. B. : The Cell in Development and Inheritance. 1899, New
|

York.
,,

Wilson, E. B.: Studies on Chromosoimes, I and 11. Jour. Exp, Zodl,
|

1905, ii. i

Wilson, E. B. : Studies on Chromosomes, III. Jour, Exp, Zodl, 1906,

iii.
j

Wilson, E. B. : Studies on Chromosomes, IV and V. Jour, Exp, Zodl,
[

1909, vi.

Wilson, E, B. ; Studies on Chromosomes, VI. A New Type of Chromo-

some Combination in Metapodius. Jour, Exp- Zodl, 1910, ix.
;

Wilson, E. B.: The Chromosomes in Relation to the Determination of

Sex. Sei, Progress, 1910, xvi.

Wilson, E. B.: The Sex-chromosomes. Arch Mikr. Anat, 1911, Ixxvii.
j

Wilson, B. B. : Studies on Chromoeomes, VII, Jour, Morph, 1911, xxii.



300 PHYSICAL BASIS OP HEBEDITY

Wilson, E. B. : Studies on Ohromosomes, YIII. Jowr. Exp. Zodl, 1912,

xiii.

Wilson, E. B. : Some Aspects of Cytology in Relation to the Study of

Genetics. Am. Nat., 1912, xlvi.

Wilson, E. B. : Croonian Lecture : The Bearing of Cytological Research

on Heredity. Froo. Boy. Soc., 1914, Ixxxviii,

WiNGE, 0. : The Chromosomes, Their Numbers and General Importance.

Comp.-ren. des trav. du. Lab. de Caarhberg, 1917, xiii.

VON Winiwarter, H. : Etudes sur la Spermatogen^ humaine. I. Cellule

de Sertoil. II. Heterochromosome et mitoses de r4pith41ium seminal.

Atch. Biol, 1912, xxvii.

WiNKLEiR, H. : Ueber die Nachkommenschaft der Solanum Pfropfbas-

tarde und die Chromosomen Zahlen ihrer Keimzellen. Zeit. fiir

Botanih., ii. Rev. in Zeit. fur induht. Abst.-u. Vererh., 1910, iii.

Winkler, H.: Die Chimarenforschung als Methods experimenteller

Biologie. Fhye.-Med. Gesselschaft Wurzburg, Jahrg., 1913-14.

WoLTBRBOK, R. : TJeber Veranderung der Sexualitat bei Daphniden,

Leipzig, 1911.

Wood, T. B.: Inheritance of Homs and Pace Color in Sheep, Jour.

Agr. Sci., 1909, iii.

WOODRUEF, L. L.: An Experimental Study of the Life History of

Hypotiichous Infusoria. Jour. Exp. Zool, 1905, ii.

WooDRUEF, L. L.: The Life Cycle of Paramecium when Subjected

to a Varied Environment. Am. Nat., 1908, xlii,

WooDBUEP, L. L.: On So-called Conjugating and Non-conjugating Races

of Paramecium, Jour. Exp. Zool, 1914, xvi.

WooDRUPP, L. L,, and Erdmann, Rhoda: A Normal Periodic Reorganiza-

tion Process without Cell Pusian in Paramecium. Jour. Exp. Zool,

1914, xvii.

Wright, Sbwall: Duplicate Genes. Am. Nat., 1914, xlviii.

Wright, Sbwall: Color Inheritance in Mammals. Jour. Hered., 1917,

viii.

Yatsu, N. : Notes on the Spermatogenesis of the wild and the Domesti-

cated Silkworms. Annotationes Zodlogicce Japonenses, 1913, viii.

Zbleny, C. : Pull-eye and Bmarginate-eye from Bar-eye in Drosophila

Without Change in the Bar Gene. Abst. 15th Ann. Meet. Am. 8oc.

Zool, 1917.

Zbleny, C.: Selection for High-facet and for Low-facet Number in

the Bar-eyed Race of Drosophila. Abst, 15th Ann. Meet, Am. Soc.

Zool, 1917.

Zblent, C., and Mattoon, E. W.: The. Effect of Selection upon the

‘‘Bar-eye” Mutant of Drosgphih-y id\oyr.^E^p. Zool, 1916, xix,

Zelbnt, C., and Sbnat, C** 'Ysiiiati^^ of Spexmato-
zoa in .Seven Additional ^ecies of Insects. Jo^r. Exp. Zodl, 1915,
XIX.

' r-

\ a5?2>
1



Abnormal abdomen, 2d~29, 32, 33
Abraxas, 175-178, 192, 248

lype, 173-177, 180
Albinism, 67

Albinos, 248

Allelomorphs, 23, 59, 60
Allen, 152

Altenburg, 86, 146
Amphibians, 114

Ancyracanthus cystidicola, 39-44
Andalusian fowls, 26, 32
Androgenotic, 189

Annelids, 114

Antheridia, 162

Antirrhinum, 221

Aphids, 197, 207
Aphid, bearbexry, 184
Apotettix, 146

Aphis aven£B, 208
Archegonia, 162

Ascaris, 51, 52, 100, 160
nigrovenosa, 196

Assortment, 73-79

Atavistic type, 262 263

Baltzer, 216-217
Banta, 194

Bar-eyed, 31, 120, 121, 250
Bataillon, 189

Bates, 245

Bateson, 26, 70, 86, 116-117
Batracosepa, 40-49, 100, 113
Baur, 86, 136, 220-222, 260
Beaded wing, 267-260
Bean, Florida velvet, 265

Lyon, 266

Beans, 204

Bearberry aphid, 184

Bee, 180, 181, 197, 198
Belling, 265

Bergson, 267

Bifid wing, 119

Bion, 268

Biophor, 234
Bird, 174

Biston, 53, 164
Black fly, 30, 31, 63, 81-83, 87-90, 96,

123, 124, 139-144

Bonnet, 234, 235
Boveri, 61, 62, 160, 213-216, 223,

224, 231

Braohet, 189

Bridges, 66, 97, 114, 122, 127, 129,

138, 157, 169, 191, 200, 246

Bursa pastoris, 71

Carothers, 74r-77

Castle, 80, 87, 131, 132, 146, 266
Castration, 244
Chamberlain, 245
Chromosomes, 39-68, 73, 96-117

Circotettix, 74
Cladocerans, 186

Clarke, W. T., 210

Clausen, 233
Cobs of com, 249

Color blindness, 170

Confluent wing, 272

Conjugation, 49, 60

Conklin, 224, 226, 227

Contamination, 34

Corn, 85, 135, 229, 249, 252

Correns, 219-220, 230

Criss-croBB inheritance, 176

Crossing over, 87-96, 96-117, 139
Oufinot, 25, 266

Curved wing, 96, 124, 140-144

Cut wing, 122, 248

Ctenolabrus, 64, 232

Cynthia, 227

Cytoplasmic inheritance, 219-226

Dachs, 123
deficiency, 124

Baphnians, 197

Darwin, 234, 267, 269

301



302 INDEX

Davenport, 33, 34
Deficiency, 169
Delage, 188
Dichete, 261, 262
Difllugia corona, 207
Tfighy, 161
Dilina, 164
Diluting factor, 70
Diploid, 84, 163-154
Disjunction, 23
Doncaster, 65, 164, 177, 192, 193

Dominance, 26, 60
Double crossing over, 119

Drieach, 231, 242
Drosera longifolia, 160

rotundifolia, 160
Drosopbila busckii, 67, 86, 136

funebrifl, 273
melanica, 67
melanogaster, 27, 28, 30, 31, 37,

64, 57, 63, 66, 80, 84, 85, 87,

94-96, 113-115, 118, 127, 129,

130, 133, 134, 139, 143, 146, 146,

167, 159, 167, 170, 176, 177, 190,

191, 198-200, 236-238, 240, 248,

249, 251, 253, 256-268, 260, 263,

270, 271
repleta, 86, 135
vixilis, 85, 135, 272

Dumpy wing, 66, 67

Duplication, 169

East, 229, 230
Ebony fly, 27, 63
Echinus eye, 122
Emerson, 249
Endosperm, 229, 230
Engledow, 85
Enzyme, 246
Eosin eye, 70
Equation division, 43
Euglena, 185, 187
Ewing, 208

Federley, 64, 162
Flinty com, 229
Flowery corn, 229
Fisb, 64
Forked bristles, 92, 93, 122, 272
Four-o^clock, 25, 220

Fowls, 239, 270
Fruit fly, 262, 272
Fundulus, 54, 232

Game bantam, 244

Gamete, 84
Gametic letbal, 254, 265
Garnet eye, 122

Gates, 149, 156, 166

Geerts, 155

Gene, 234r-246

Genes, the order of, 118-125

Germ-plasm, 234, 239
Gigas, Oenothera, 149, 265

Goldschmidt, 245

Goodale, 86, 180, 244
Goodspeed, 233, 256
Gowen, 127, 146

Grasshopper, 74, 76
Gregory, 85, 146, 160

Groundsel, 85

Grouse locust, 146

Guinea pigs, albino, 271
Guyer, 136, 137, 170, 174, 178, 179
Gynandromorph, 190-193
Gypsy moth, 194

Htemophilia, 170
Hairless fly, 273
Hance, 167

Haploid, 66, 153, 164
Harrison, 65, 164

Hayes, 229, 230
Hegner, 207
Herbst, 213, 217, 218
Herlandt, 188

Hermaphrodite, 197
plant, 164

Hertwig, G„ 188

Hertwig, 0., 114, 188
Hertwig, R., 188

Heterozygous, 23
Homozygous, 23
Hornet, 181

Hydatina senta, 186

Individuality of the chromosomes*
61

Insects, 114
Interference, 126-132



INDEX 3I)«

Internal Becretibn^ 244
Intersexes, 193

Janssens, 40, 48, 102, 110, 112

Jennings, 207

Jesenko, 266
Johannsen, 204-206, 246

Jones, 85

Keeble, 150

King, 281

Kusdiakewitsch, 188

Knttner, O., 194

Lamarckian theory, 267
Langshan, 177-180
Leptotene thread, 100, 107

Lethal, 254, 267-265

factor, 19S-200
Linkage, 80-86, 94

groups, 133

Lippincott, '26

Little, 256

Liverwort, 162
Loeb, J., 189, 225, 226, 231, 246

Lutz, A., 166, 167
Lymantria dispar, 194

japonica, 104

Maize, 229

Man, 137, 170, 200
McCiung, 166

Marchal, £lie and Emile, 161-154

Mar^clial, 49
Marshall, 35

Matornal inheritance, 227-233

Maturation division, 43

May, 260

Melandrium, 221

Melanie forms, 248, 271
Men, 130

Mendel, 15-17, 19, 22, 23, 37, 38, 86,

236

Mcndelism, 36
MendioPs first law, 19-38, 73
second law, 69-72, 79

Menidia, 232
Metapodius, 67
Metz, 67, 86, 136, 137, 272
Meves, 181, 182

Mice, alhino, 271
Miniature wing, 66, 67, 91-93

Mirabilis jalapi^* 26, 32, 210, 220

Mitotic division, 40

Modifying genea, 240

Moenkhaus, 55
Moore, 231

Morgan, 36, 112, 191

Morris, 56
Moss, 161-154
Moths, 66

Mouse, 67, 08, 70, 136, 137

albino, 70
blue, 70
chocolate, 70
silver-fawn, 70
yellow, 267

Muller, 35, 86, 127, 129, 130, 160,

258, 260
Mulsow, 39, 41
Multiple Allolomorpha, 261-264

Mutation, 247—273

Kabonrs 37, 80, 146

Natural selection, 267-270

Nicotiana sylve stria, 266

tabacum, 260
Non-disjunction, 200-203

Notch, 36

Notch wing, 24B
Nova Scotia stock, 143, 144

Oats, 86, 136
Oenothera Imta, 204
LaTnarekiiUKL, 63, 85, 141), 155,

262-264
Bcintillane, 1 67
velutina, 204

Onslow, 245
Ocigonia, 164
Orthogenesis, 2fUl
Osawa, 266

Pachytene tliron^tl, 49

Packard, 18B, IBU
Paleontologists, 200
ParthenogoncBiH, 39, 180, 204-211

artificial, IHB, 189

Pea comb, OB, 05)

Pea, Garden, 10-23, 32, 69-62, 86

Palestine, 20-0
wild, 270



304 INDEX

Peach eye, 2ftl

Pelargonium, 221

Petrunkewitch, 108

Phaeeolus vulgaris, 204

Phillips, 207

Phrynofcettix, 104-110

Phylloxera carycBcaulis, 183

Phylloxeranfl, 197

Pinney, 56, 232

Fisum humile, 256

sativum, 19, 134

Plough, 96-99, 116, 139-142

Plymouth rock, barred, 176, 180

Polar body, 40

Polytoma, 186

Prematuration stage, 142

Primary split, 101, 102, 107, 108

Primrose, 86

Primula florihunda, 160, 151

kevrensie, 161

sinensis, 86, 87, 136, 146, 150

verticillata, 160, 151

Pristiurus melanostomus, 49

Protenor, 65, 66

Protozoa, 207

Punnett, 70^ 85, 116-117, 260

Pure culture, 260

lines, 204, 211

Purple eye, 96, 124, 139-144, 240

Pygsera, 161, 163

Babbits, albino, 271

Eat, black, 271

Norway, 271

roof, 271

yellow, 271, 272
Recessive, 23, 26

Reduction division, 43, 76, 101

Efeduplication, 115-117

R^eneration, 164

Reversal of dominance, 33

Riddle, 194, 196, 246

Ring dove;, 194

Robertson, 74, 102, 103, 111-11?

Rose comb, 68, 69

Rosenberg, 160, 161,' 266
Rotifer, 186, 197, 198 •.

Roux, 142

Rudimentary wing, 248
'

‘
.

Sable body color, 168, 169

Saunders, 86, 264
Satsuma, 266

Schreiners, 44
Scute, 122

Sebrights, 243, 244

Secondary split, 101, 102

Sea urchin, 188, 189

Segregation, 16, 23, 39
Seiler, 174, 179

Selachian egg, 50

Selachians, 114

Senecio vulgaris, 86

Sex, 196-203

chromosomieB, 42, 67

determination, 180

genes, 193

linked characters, 84
ratios, 197-200

Shinji, 210

Shull, 71

Silkworm, 136, 137, 146, 186, 228

Simocephalus, 194

Smerinthus, 164

Single comb, 68, 69

Snapdragon, 86, 136, 265

Sooty fly, 27

Species, 270

Speck, 123, 144

Spencer, Herbert, 234

Spermatogonia, 164

Spermatogenesis, 104-110

Spermatozoon, 43

Sphsorechinus, 216, 217

Sporee, 151

Sports, 248

Squirrels, albino, 271

SfiLi‘ eye,- .122, 123

Stark, 266

StenotomuB, 232

Stevens, 146, 166

Stocks, 86, 264
Stomps, 140^ 165

*

Streptopelia abla, 194

Strong, 196

Strongylocentrotus, 216, 217
Prancl^nus, *231, 232
purpureuiiy 231, 232



108 PHYSICAL BASIS OP HEEEDITY

opening out in various ways to produce figures like those

shown in Pig. 47, c.

The sex-chromosome (Y) that has no mate in the

Phrynotettix male, and hence has not conjugated, has only

one longitudinal split (a dyad).^ The cell, the primary
spermatocyte, with its nucleus next divides. Eleven auto-

somes go to each pole, and the sex-chromosome failing

to divide at this time goes to one daughter cell only. The
secondary spermatocytes are produced—^lialf with 12, half

with 11 double chromosomes. A short resting stage follows—^the chromosomes again becoming diffuse, L&., forming
vesicles. They soon reappear and a second division takes

place, producing the spermatids—the daughter cells of

the secondary spermatocytes. Half of these have 12, half
11 chromosomes—the Z-dbromosome having divided at

the second division.

Wenrich found it possible to identify certain of the
chromosomes and was thus enabled to follow a few of

them through several successive stages. Eight consecu-
tive stages in the history of chromosome of Phryno-
iettix are shown in Pig. 48. Indications of the primary
split are present in a, h, c, the secondary split appears
first in d. The evolution of the thread continues as the
tetrad becomes placed in the spindle in such a way that
the first separation of the chromosomes takes place along
the secondary split, ie., the first division is equational.
Wenrich found in several other individuals of this species
that this same chromosome pair “B” consist of unequal
members as shown in Figures 48, 2 oAh and 3 otr-d. In
48, 2 c a distinct crossing of the threads is present. The
shape of the contracted chromosome (/ g h) and its posi-
tion on the spindle show that one of the longer, and one
of the shorter strands passes to one pole, and similarly a
longer and shorter to the other pole. The division here is

m the plane of the secondary split, i.e., equational. The
inequality in length of the conjugating pair makes this

conclusion certain in this case.
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In the second division of this dhromosome the longer
thread separates from the shorter one—the second is

therefore reduetional. 'It is evident, especially from, this

I

d e f g

^
Pig. 48.—

a

pair of ohromosomeH '‘i3” m conjugation, 1; the samo pair in conjuga-
tion in another mdiviaual in which one chromosome is shorter than the othori 2; same
in a third individual, 3; later stage showing chiusma of threads, 4. (After Wenrich.)

last example, that the crossing of the threads is not an
indication that the division of the chromosome is neces-

sarily different from what it is when there is no such
crossing. What is more important is that the crossed
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tlie linear order of the material of the chromosomes cannot
be overestimated. As a further example Wenrich gives
identical stages of the same chromosomes (Pig. 49), ea<^h

of the figures is from a different individual. The identity
in size and in location of the principal beads in the series
is obvious.

Eobertson has also brought forward a case of an
unequal pair of chromosomes and interpreted the facts as
opposed to the crossing-over hypothesis. He found two
cases in a grasshopper of the genus Tettigidea m which
there was a very unequal pair of chromosomes. The
shorter piece conjugated consistently with only one part
of the longer chromosome, as shown in the next figure

Fiq, 60—Conjugation of an unequal pair of ohromosotnes and tbeir subsequent separation.
(After Robertson.)

(Pig. 50, a,b). At the first maturation division the two
chromosomes separated, as shown in (c, d, e). It would be
difficult to find a more excellent illustration of the per-
sistence of the individuality of the chromosomes after con-

jugation, and the case falls equally in line with the view
that conjugation takes place only between those parts of

the chromosome that are alike, i.e., composed of the same
series of genes. How, then, could this case, so' admirably
suited to support the chromosome theory be turned against

the chiasma theory ? Only,I think,througha misconception
of the essence of the theory. Eobertson says; “In both
types of unequal tetrads we have very strong evidence that
the homologous diromosomes, on entering the side-to-side

pairing process of synapsis, remain as distinct individ-

uals, retain their identity throughout the period, and come
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be the more common procedure. A few examples will

illnstrate what has been found out so far concerning some
of these possibilities.

The evening primrose, (Enothera lamarckiema, has 14

chromosomes as its full or somatic number, and 7 as its

reduced number (Pig. 58, a), and these numbers charac-

terize most of the mutant types that He Vries found. But
there is one mutant known as gigas, that has 28 chromo-

somes as its fuU number, and 14 as its reduced number
(Fig. 58, 6). Stomps estimates that gigas appears about

9 times in a million cases, i.e., in 0.0009 per cent. G-igas is

distinguished from Lamarchiam in many details of struc-

ture, but chiefly in its thick stem, etc., which is associated

with larger cells.

\\€

a
Fia. 53.—ChromoBome group of CEnothera lamarchianat a; ohromosome of group of O.

gioaa, b; triploid group, e.

The type breeds time, i.e.,it does not revert to Lamarck-

iana; thus De Vries grew a family of 450 individuals from
his original gigas, only one being a dwarf gigas, vis:.,

nanella. The way in which gigas originates has been

much discussed, but no conclusion reached. De Vries

suggested that it is produced by an egg with 14 chromo-

somes (diploid), being fertilized by a sperm with 14

chromosomes, both of these diploid cells originating by

the suppression of a cytoplasmic division in the develop-

ment of the gametes. It has also been suggested that a

tetraploid condition might arise in a spore mother cell

that developed without fertilization, (by apospory) . Q-ates

pointed out that by suppression of the first division of the

egg, after fertUimtion, the tetraploid condition would

arise. The only objection to this last view, that seems



SEX-CHBOMOSOMES AND INHEBITANCE 179

somes, including two Z’s. The egg that lacks a Z (8), fer-

tilized by a sperm (8 -f 1), makes a female with 17 chro-

mosomes, including one Z.
This scheme gives consistent results for sex-Unked

inheritance in birds. Since the daughter gets her single

Z-chromosome from her father, she wdl show any sex-

linked characters carried by his X-chromosome. If the

father carries a sex-linked dominant gene his sons and his

daughters will be alike. It should be noticed that while

buyer’s scheme gives the same results so far as sex-link-

Blacktf BaTTedj t

v z‘’w

^Bzb zV zV
Barredd' Black Barred^ Blacky

Fig. 79.*—Scheme showins the tranamission of the aox-linkod characters B "barred, and
b ""black in the cross shown in Fig. 78.

age is concerned, as the one described by Seiler for some

moths, the machinery in the male is different in the two

cases, while that in the female is presumably the same; In

both the female is heterozygous for Z; m the moth the

male is homozygous {ZZ), but in the bird the two Z^s

described by Duyer both go to one pole at one of the

maturation divisions, and reduce at the other—a proce-

dure not known in any other animal.

In the reciprocal cross (Pig. 78) a black cock is bred

to a barred hen. The sons are barred—like their mother—

the daughters are black—like their father, criss-cross

inheritance. When the barred Pj codk and the black hen
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race -with pale caterpillars. One of these was banded on the

left side (which side was also female) and pale on the ri^t

side (which was also male). The sex of the two sides was

only apparent after the moth had appeared. The handed

characteY of the worm is known to be dominant to the pale

character, but neither is sex-linked. The case can be

explained, if as the evidence indicates, the mother was

airvped gynandromorph plain

Fig. 89.—Caterpillars of the silkworm moth. A striped one to tho loft, a plain one to

the right, a hybrid gynandromorph in the middle.

heterozygous for a not sex-linked character, banded, and
if she produced an egg with two nuclei (Pig. 90). Don-
caster has found such eggs in Abraxas, and has shown
that each nucleus extrudes separately polar bodies, and
that each reduced egg nudeus is fertilized by a separate

spermatozoon. If as shown in the next Vagram one

reduced nudeus has a TF-ehromosome, and a factor for

banded carried in one of the autosomes, and the other

reduced nudeus has a Z-chromosome, and in one of the



CHAPTER XVI

THE EMBEYOLOHICAL AND CYTOLOQ-ICAL EVI-

DENCE THAT THE CHROMOSOMES ARE THE
BEARERS OF THE HEREDITARY UNITS

Long before the genetic evidence brought forward its

abundant data ihat are explicable on the theory that the

chromosomes carry the genes, embryologists had already

found other evidence that led them to regal’d the chromo-

somes as the bearers of the hereditary factors. Taken
as a whole, this evidence makes out a very strong case

for the chromosomes, but since it did not establish the

relation beyond question, the genetic evidence was all

the more welcome.
The earliest evidence, sometimes cited in favor of

chromosomal inheritance, was based on the statements

that in some cases at least, only the head of the spermato-

zoon enters the egg. Since it was then thought that the

head is composed almost entirely of the nucleus, and since

the child inherits equally (in the older parlance) from its

father and from its mother, it followed that the nucleus

carries the hereditary elements. When later it became
known that the head of the sperm represents almost

exclusively the mass of condensed chromatin, it was sup-

posed that the chromosomes, in particular, must be that

part of the nucleus that is the bearer of hereditary charac-

ters. Such a conclusion received indirect support from
the facts, then becoming known, that the chromosomes
remain constant through successive generations of cells,

whereas the nuclear sap becomes lost in the gen-

eral cytoplasm each time that the nuclear wall is dis-

solved. It was also found that the spindle fibres disappear

in the resting stages, while the nuclear reticulum (chro-

matin) remains.

212
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genes oarried by the sex-«hromosome only one can exist

at a time in the sex that has only one of these chromosomes.

In the individual with two mutant allelomorphs one of

them replaces the normal allelomorph of the ordinary

Mendelian pair. The two mutant allelomorphs behave

towards each other in the same way as does the normal,

towards its mutant allelomorphs. It is doubtful whether

we can conclude anything more from this relation of Men-
delian pairs than we knew before/ although there is at

least a sentimental satisfaction in knowing that both nor-

mal allelomorphs can be replaced by mutant ones without

altering the working of the machinery.

The linkage relation of each member of a series of

multiple allelomorphs to all other genes of its chromo-

some is, of course, ihe same. While the theory of identical

loici requires this as a primary condition it is not legiti-

mate to use this evidence as a proof of the identity of the

loci, because it is not possible to work with sufficient pre-

cision in locating genes by their relation to other linked

genes to distinguish between identical loci and close-

linked genes.

The question of lethal genes has attracted in recent

years increasing attention, both on account of their fre-

quency and because of a curious complication they may
produce in hiding the effects of other genes also present.

In Drosophila we have records of more than 20 sex-liaked

lethals, and about 15 not sex-linked, and scattering records

of many others. Q-ametic lethal genes are those that

destroy eggs or pollen cells that contain such genes.

Zygotic lethal genes affect the embryo, the larva, or the

adult, so that it dies. In the case of the garden plant

known as double “stocks,” the genetic evidence obtained

by Miss Saunders indicates that certain kinds of pollen

are not produced, and presumably die because of a con-

tained factor. The same factor does not kill the ovules,

^ The subBtitiitiou by crossing over really furnishes as good a demon-
stration of this point.
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whioh may tterefore transmit tlie recessive lethal gene to

half the progeny. How far the frequent occurrence of im-
perfect pollen grains in many species of plants is due to

such factors is still uncertain.

Belling found that while the Florida velvet bean
produces normal pollen grains and ovules, and the Lyon
bean, another bean of the same genus, also produces nor-

mal gametes, the F-^ hybrid contains 50 per cent, abortive

pollen grains, and possibly about 50 per cent, of the ovules

are abortive. In the second generation {F^) half of the

pollen grains of half of the plants are abortive. The other

half of the plants have normal pollen grains. This is the

result expected if there are present in one of the species

the factors AAbb, and in the other species the factors

aoBB, the viable gametes iu the F^ generation beiug

those containing Ab, Ba, and the two gametes that die

being AB, ab.

Other observers have made records of abortive pollen

in hybrids, but without knowing the condition of the

pollen in the parents the interpretation of the results is

doubtful, for, as Jeffrey has emphasized, abortive pollen

is a characteristic of many wild species. There is one
fact of capital importance recorded by several botanists,

vis., that the degeneration of the germ-cells only takes

place after the tetrad has been produced, and only in some
of the cells of each tetrad. In other words, the lethal

effect is not observed until the chromosomes have tmder-

gone reduction. It is obvious that if there is present a

recessive lethal for the germ-cells (or for any cells, in

fact), it causes no injury in the presence of its normal
allelomorph, but kills when the counter-effect of its part-

ner is removed.
Tisehler found in a hybrid currant that tetrad forma-

tion Was normal, and that the shrinking of the poUen
grains occurred afterwards. Geerts found that one-half

of the pollen grains of CEnothera Lamarchiana degen-

erate, and that half O'f the embryo sacs abort in the tetrad
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and sperm are indicated in the fignire by the aiTow-scheme
below, which gives the combinations (classes) included in

the four squares. The double dominant BB is the class

that does not come through. The result is two beaded
(heterozygous) to one normal fly.

The beaded stock remained in this condition for a long

time
;
although selected in every generation for beaded, it

did not improve, but continued to throw 33 per cent, of

normal flies. Then it changed and bred nearly true.

Eggs Sperm

B+ +N B-j-

®
^

^ Beaded : 1 Eormai

,

B B

Fxg. 110.—Diagram showing the relation of the chromosomes (represented by the
vertical rods) in a cross of ** beaded” by “beaded.” Flies homozygous for beaded die as
indicated by the oross-hatohed square.

The change must have been due to the appearance of

another lethal factor (now called lethal three, here k) in

Pig. 111). Such a gene was found in the race when
studied later hy Muller.

The lethal gene that appeared in the beaded stock was
also in the third chromosome, and in the chromosome that

is the mate of the one carrying the gene for beaded, i.e.,

in the normal third chromosome of the beaded stock. The
lethal gene lies so near to the level of the headed-normal
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EDITORS’ ANNOUNCEMENT
The rapid increase of specialization makes it im-

possible for one author to cover satisfactorily the whole

field of modern Biology. This situation, which exists in

all the sciences, has induced English authors to issue

series of monographs in Biochemistry, Physiology and

Physics. A number of American biologists have decided

to provide the same opportunity for the study of

Experimental Biology.

Biology, which not long ago was purely descriptive

and speculative, has begun to adopt the methods of the

exact sciences recognizing that for permanent progress

not only experiments are required but quantitative experi-

ments. It will be the purpose of this series of monographs

to emphasize and further as much as possible this develop-

ment of Biology.

Experimental Biology and Q-eneral Physiology are one

and the same science, in method as well as content, since

both aim at explaining life from the physico-chemical

constitution of living matter. The series of monographs

on Experimental Biology will therefore include the field

of traditional General Physiology.

Jacques Loeb,

T. H. Moegan,
W. J. V. OSTEEHOUT.

6





CaAFTBH FAOld

I, Introduction 16

II. Mendel’s First Law—Segregation op the Genes 19

III. The Mechanism op Segregation 39

IV. Mendel’s Second Law—The Independent Assortment op
THE Genes 59

V. The Mechanism op Assortment 73

VI. Linkage , . . .

.

80

VII. Crossing Over 87

VIII. Crossing Over and Chromosomes 96

rX. The Order of the Genes 118

X. Interference 126

XI. Limitation op the Linkage Groups 133

XII. Variation in Linkage. 139

XIII. Variation in the Number op the Chromosomes and its Re-
lation TO the Totality op the Genes 147

XIV. Sex-Chromosomes and Sex-linked Inheritance 166

XV. Parthenogenesis and Pure Lines 204

XVI. The Embryological and Cytological Evidence that the
Chromosomes are the Bearers op the Hereditary Units . . 212

XVII. Cytoplasmic Inheritance : 219

XVIII. Maternal Inheritance 227

XIX, Tetb Particulate Theory op Heredity and the Nature op
THE Gene 234

XX. Mutation 247





2. Cross Between White and Red Flowered Four-o^olooks 24

3. Cross Between Splashed-White and Black, in Andalusian 26

4. Male and Female Vinegar Fly 28

5. Normal and Abnormal Abdomen of jD. melanogctster 29

6. Relation of Black Body Color to Wild Type as Shown by Classes

of Flies 30

7. Normal, Heterozygous, and Bar Eye of the Vinegar Fly 31

8. Relation of Bar Eye to Normal Eye 31

9. Relation of Andalusian to Splashed White and to Black as Shown

by Classes of Birds 32

10. Relation of Tall to Short Peas 32

11. Relation of Normal to Abnormal Abdomen as Shown by Classes

of Flies 32

12. Relation of Normal to Duplicate Legs of Flies 33

13. Notch Wings in the Vinegar Fly 35

14. Oocyte of AncyracanthiLs; Growth Period; Nucleus with Tetrads. . . 40

16. Egg of Ancyracanihus 40

16. Eggs of Ancyracanihtis within Membrane 41

17. Spermatogenesis of Ancyracanthus 42

18. Last Spermatogonial Division of Tomopteris and Stages Before and

During S3mapsis 46

19. Thin-Thread Stage of Tomopteris Spermatocyte; Tetrads, and First

and Second Spermatocyte Divisions 47

20. Synaptic Stages and Those Immediately Following in Batracoseps ... 48

21. Synaptic Stages and Those Immediately Following in the Egg of

Prisiiurus 50

22. Sister Blastomeres of Ascaris Preparatory to Another Division .... 62

23. Normal and Reduced Chromosomes of Biston 63

24. Division Figures in Egg of Ctenolahrus Fertilized by Fundulus 64

26. Female and Male Chromosome Groups of Protenor 65

26. Reduced Chromosome Group; and Extrusion of Polar Bodies in

Protenor 66

9



10 ILLUSTRATIONS

27, Reduced ChromoBome Group of Male; and Spermatogenesis in

Protenor 50
28* Diploid and Haploid Chromosome Groups of Drosophila husekii and

D, melanica (ncglecta) 57
29* Cross Between Wingless and Ebony Vinegar Fly 65
30. Miniature Wing, Dumpy, and Miniature Dumpy i 66
31. Combs of Fowls 09
32. Eight Chromosome Groups of Twelve Chromosomes Each of

Trimerolropis 77
33. Baok-croaa of Male (Out of Black Vestigial by Wild) to Black

Vestigial 81
34. Back-cross of Male (Out of Gray Vestigial by Black) to Black

Vestigial 83

35. Scheme Showing the Inheritance of the X-Chromosome in

Drosophila 84

36. Back-cross of Female (Out of Black Vestigial by Wild) to Black

Vestigial Male 89

37. Back-cross of Female (Out of Gray Vestigial by Black) to Black

Vestigial Male 90

38. Scheme to Illustrate Double Crossing Over Between White and

Forked 93

39* CurveShowing the Influence of Temperature on GrossingOver Control 98

40. Curve Showing the Influence of Temperature on Crossing Over .... 98

41 . Diagram Showing Crossing Over of Two Chromosomes at Four-strand

Stage and the Subsequent Oponmg Out of the Tetrad 101

42. Scheme Showing the Opening Out of the Strands of the Tetrad 102

43. Schorao Showing Crossing Over Involving Both Strands of Each

Chromosome 108

44. Spermatogonial Colls in tho Lost Phase of Division and the Following

Resting Stages 105

45. Cells Emerging From the Resting Stages Preparatory for the Next

Spermatogonial Division 106

40. C(5lls Emerging From Their Last Spermatogonial Division 106

47. .Formation of a Thick Thread after Synapsis and the Following

Condensation of a Tetrad 107

48. A I^air of Chromosomes in Conjugation 109



%

ILLUSTRATIONS 11

49. The Same Chromosome Pair in Conjugation from Thirteen Different

Cells. 110

50. Conjugation of an Unequal Pair of Chromosomes and Their Subse-

quent Separation Ill

51. Two Schemes Illustrating the Idea of Reduplication by Bateson

andPunnett 116

I

52. Scheme Illustrating How Double Crossing Over Between Two

Distinct Genes takes Place 121

53, Chromosome Groups of Pea, Wheat, and Primula 136

54. Types of Chromosome Groups Found in Drosophila 136

;
55. Haploid Group of Chromosomes of the Silkworm Moth 137

56. Curve Showing Influence of Crossing Over at Different Temperatures 142

67 . Diagram Illustrating the Effect on Crossing Over Due to the Presence

of Crossover Genes 143

68. Chromosome Group of (Enothera Lamarckiana and 0. gigas, and

Triploid Group 149

69. Life Cycle of Moss 162

60. Diagram Illustrating the Formation of Individuals from the Regener-

ation of the Sporoph3rte in a Dioecious Species 163

61 . Diagram Illustrating the Formation of Individuals from the Regener-

ation of the Sporophyte in a Hermaphroditic Species 163

62. Somatic Chromosomes Groups of (Enothera scintillans 156

63. Scheme Showing the Probable Relation Between the Extra Chromo-

some Pieces of Fig. 62, and the Normal Fifteen Chromosomes of

This Mutant 168

64. An Egg of Ascaris hivalens P’ertilized by Sperm of A. univalens. , . . 160

,
66. Diploid and Haploid Groups of the Sundew Drosera 160

66. A Scheme Illustrating the Fertilization of the Egg of One Species of

Moth by the Sperm of Another 161

67. Scheme Illustrating the History of the Chromosomes, and the Back-

cross Between a Hybrid Male and One or the Other Parent .
.

, . 162

68. Scheme Showing the Relation of the Sex-Chromosome to Sex-De-

termination 166

69.

Cross Between White-Eyed Male and a Red-Eyed Female of the

Vinegar Fly 168



12 ILLTJSTEATIONS

70. Cross Between White-Eyed Female and a Red-Eyed Male of the

Vinegar Fly 169

71. Cross Between a Yellow WIiite-Eyed Female and a Wild-Type

(“Gray^*), Red-Eyed Male 171

72. The Results from the Reciprocal Cross of That Shown in Fig. 71 . , . 173

73. Scheme Showing the Relation of the Sex-Chromosomes of the Moth
in Sex Determination 174

74. Cross Between Abraxas lacticolor Female, and Grossulariata Male. . . . 176

76.

Cross Between Abraxas grossulariata Female and Lacticolor Male. . . 176

76. Cross Between Ban-ed Plymouth Rock Male and Black Langshan

Female 178

77. Scheme Showing the Transmission of the Sex-Linked Characters .... 178

78. Cross Between Black Langshan Male and Barred Plymouth Rock
Female 178

79. Scheme Showing the Transmission of the Sex-Linked Characters

Shown in Fig. 78 179

80. First and Second Spermatocyte Divisions in the Bee 181

81. First and Second Spermatocyte Divisions in the Hornet 182

82. Life Cycle of PhyUoxera carymaulis 182

83. Extrusion of the Polar Body from a Male-Producing Egg 183

84. First and Second Spermatocyte Divisions in the Bearberry Aphid .... 184

86.

Hydatina aenta: Adult Female, Young Female Soon After Hatching,

Adult Male, Parthenogenetio Egg, Male-Producing Egg, Resting

Egg 186

86. Diagram Showing How a Continuous Diet of Polytoma Through

Twenty-Two Months Yielded Only Female-Producing Females . . . 187

87. A, Gynandvoraotph of Drosophila melanogaslert that was Female on

Right Side and Male on the Left; B, Female on the Left Side

and Male on the Right 190

88. Diagram Showing Elimination of X' at an Early Cell Division 191

89. Caterpillars of the Silkworm Moth 192

90. Diagram Illustrating How a Heterozygous Egg With Two Nuclei

Fertilized by Two Sperms Might Produce a Gynandromorph like

that Shown in Fig. 89 I93

91. Scheme Showing the Transmission of a Lethal Sex-Linked Factor

in an X-Chromoaome ‘

I99

92. Normal Female and Male Groups of Chromosome of the Vinegar

Ely 200



ILLUSTRATIONS 13

93. Non-Disjunction. Egg Fertilized by X-Sperm 201

94. Non-Disjunction. Egg Fertilized by Y-Sperm 202

95. A Wingless Aphid and a Winged One 207

96. Curve Showing the Non-effect of Selection for the First Twelve

Generations for Increase in Body Length 208

97. Curve Showing the Effect of Selection for the Second Score of

Generations 209

98. Scheme Showing Dispermio Fertilization of the Egg of the Sea

Urchin 214

99. First Division of a Hybrid Egg 216

100. Fertilization of an Egg Starting to Develop Parthenogenetically. . . 216

101. Larval Sea Urcliin Seen in Side View 217

102. Green Leaf and Checkered Leaf of Four-o'clock 220

103. Pelargonium that Gave Eise to a White Branch 221

104. Diagram to Show How a Sectorial Chimera May be Produced 221

106. Diagram to Illustrate Maternal Inheritance 228

106. Diagram to Show the Inheritance of Two Pairs of Mendelian

Characters 238

107. A, Hen-Feathered Campine Male ; B, Adult Castrated Campine Male

;

C, Sebright Hen-Feathered Male, D, Adult Castrated Sebright Male 246

108. Diagram Illustrating Mutation in a Nest of Genes 262

109. Two Flies (Drosophila) with Beaded Wi,ngs 268

110. Diagram Showing the Relation of the Chromosomes 268

111. Diagram to Show how the Appearance of a Lethal Near Beaded

Causes the Stock to Produce only Beaded 269

112. Diagram Showing the Results of Crossing Over in a Stock Contain-

ing Both Beaded and Lethal 260

113.

Diagram Illustrating How in the Presence of a Dominant Factor,

Dichete, and a Lethal in Its Homologous Chromosome at About

the Same Level, Together with Another Factor, Peach-Colored

Eyes, Gives the Result Shown in the Squares 261

114. Diagram Illustrating Crossing Over of Factors in Fig. 113 262

115. Rosettes of the Twin Hybrids, of the;^yeji^^ 263

116. Diagram Illustrating Bftlahce4feS^Jbnd& 264

117. Diagram Illustrating Four Types— 266

,!( LIBRARY ?

^4NgALO^^





THE PHtSiM'iSlAsiS OF
HEREDITY

CHAPTER I

INTEODUCTION

That the fundamental aspects of heredity should have
turned out to be so extraordinarily simple supports us in

the hope that nature may, after all, be entirely approach-

able. Her much-advertised inscrutability has once more
been found to be an illusion due to our ignorance. This

is encouraging, for, if the world in which we live were as

complicated as some of our friends would have us believe

we might well despair that biology could ever become an
exact science. Personally I have no sjonpathy with the

statement that “the problem of the method of evolution

is one which the biologist jBbads it impossible to leave alone,

although the longer he works at it, the farther its solution

fades into the distance.” On the contrary, the evidence

of recent years and the methods by means of which this

evidence is obtained have already in a reasonably short

time brought us nearer to a solution of some of the import-

ant problems of evolution than seemed possible only a few
years ago. That new problems and developments have
arisen in the course of the work—as they are bound to

do in any progressive science, as they do in chemistry and
in physics for example—goes without saying, but only a

spirit of obscurantism could pretend that progress of this

kind means that we see the solution of our problem fading

away into the distance.

Mendel left his conclusions in the form of two general

laws that may be called the law of segregation and the

ifi
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law of independent assortment of tlie genes. They rest

on numerical data, and are therefore quantitative and can

be turned into mathematical form wherever it seems desir-

able. But though the statements were exact, they were
left without any suggestion as to how the processes

involved take place in the living organism. Even a purely

mathematical formulation of the principles of segregation

and of free assortment would hardly satisfy the botanist

and zoologist for long. Inevitably search would be made
for the place, the time, and the means by which segre-

gation and assortment take place, and attempts would
sooner or later be made to Correlate these processes with

the remarkable and unique changes that take place in the

germ-cells. Sutton, in 1902, was the first to point out

dearly how the chromosomal mechanism, then known,

supplied the necessary mechanism to account for Mendel’s

two laws..

The knowledge to which Sutton appealed, had been

accumulating between the years 1865, when Mendel’s

work was published, and 1900, when its importance became
generally known. An account of the chromosomal
mechanism may be deferred, but I have spoken of it here

in order to call attention to a point rarely appreciated,

namely, that the acceptance of this mechanism at once

leads to the logical conclusion that Mendel’s discovery

of segregation applies not only to hybrids, but also to

normal processes that a,re taking place at all times in all

animals and plants, whether hybrids or not. In conse-

quence we find that we are dealing with a prindple that

concerns the actual composition of the material that car-

ries one generation over to the next.

Segregation and independent assortment were the two

I

fundamental principles of heredity discovered by Mendel.

\ Since 1900, four other principles have been added. These

l are known as linkage, the linear order of the genes, inter-

'ference, and the limitation of the'linkage groups. In the

same sense in which in the physical sciences it is custo-
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mary to call the fundamental generalizations of the science
|

the ‘‘laws” of that science, so we may call the foregoing
|

generalizations, the six laws of heredity known to ns at

present. Despite the fact that the use of this word ‘
‘law ’ ’

has been much abused ia popular biological writing we
need not apologize for using it here, because the postu-

lates in question have been established by the same scien-

tific procedure that chemists and physicists make use of,

viz., by deductions from quantitative data. Excepting for

the sixth law they can be stated independently of the ^ro-
mosomal mechanism, but on the other hand they are also

the necessary outcome of that mechanism.
The theory of the constitution of the germ-plasm,

to which Mendel’s discoveries led him, not only failed to

receive any recognition for fifty years, but the principle

of particulate inheritance to whioh it appeals has met
with a curious reception even in our own time, leading

a recent writer to state that particulate theories in general

“do not help us in any way to solve any of the funda-

mental problems of biology, ’
’ and another writer to affirm

that if the chromatin of the sperm is “pictured” as com-

posed of individual units that represent “some specific

unit-characters of the adult,” then we should expect it to

be exti'emely complex, “more complex indeed than any

chromatin in the body, since it is supposed to represent

them all,” but “as a matter of fact chemical examination

shows the chromatin in the fish sperm to be the simplest

found anywhere.” Were our knowledge of the chemistry

of the “chromatin” as advanced as these very positive

statements might lead one to suppose, the objection raised

might appear to be serious, but there is no evidence in

(

favor of the statement that the sperm-chromatin should be

expected to be more complex than the same chromatin

in the cells of the embryo or adult. And even were it

different in the germ-tract and soma the criticism would

miss its mark, because heredity deals with the constitution

of the chromatin of the germ-tract and not with that of

2
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the soma. Until physiological chemists are in position

to furnish more complete information concerning the com-
position of the chromosomes, or more illuminating criti-

cism of the situation as it exists, we need not, I think,

be over-much troubled by such views so long as we handle
our own data in a maimer consonant with the recognized

methods of scientific procedure.

Other critics object for one reason or another to all

attempts to treat the problem of heredity from the stand-

point of the factorial hypothesis. It has been said, for

instance, that since the postulated genetic factors are
not known chemical substances the assumption that they

are such bodies is presumptuous, and gives a false analogy
with chemical processes. Such critics claim that the pro-

cedure is at best only a kind of symbolism. Again, it has
been said, that the factorial hypothesis is not a real

scientific hypothesis, for it merely restates its facts in

terms of factors, and then by juggling with numbers pre-

tends that something is being explained. It has been
argued that Mendelian phenomena relate to unnatural
conditions and that they have nothing to do with the

normal process of heredity in evolution that takes place
in “nature.” It has been objected that such a hypoth-
esis assumes that genetic factors are fixed and stable in

the same sense that molecules are stable, and that no such
hard lines are to be found in the organic world. And
finally it has been urged that the hypothesis rests on dis-

continuous variation which, it is said, does not exist.

If the implications in any or in aU of these objections

were true, the attempt to explain the traditional prob-
lem of heredity by the factorial hypothesis would
appear fantastic in the extreme. An attempt will be
made in the following chapters to present the evidence
on which our present views concerning heredity rest, in

the hope that an understanding of this evidence will go
far towards removing these a priori objections, and wiU
show that they have no real foundation in fact.



CHAPTER II

MENDEL’S FIEST LAW—SEQ-EEDATION
OF THE GENES

Mjendel succeeded in discovering the principle of

segregation because he simplified the_.conditions of his

experunents so that he had to deal with one process at

a time. Others before him had failed because they worked
with too complex a situation. In each case Mendel picked (p

out for study a pair of coatrasted characters of a kind

that were sharply distinguishable from each other when-
ever they appeared. He chose plants that normally self-^-

fertilize and are little liable to accidental cross-fertiliza-

tion, which made it possible easily to obtain in the second

generation numbers large enough to give significant

results. To Mendel’s foresight in arranging the condi-

tions of his work, as much as to his astuteness in interpret-

ing the data, is due his remarkable success.

Mendel used varieties of the common edible garden
pea (Pisum sativum). Many of these varieties (races)

difiFer from each other in a particular character. Some
races are ^all, others short; some have green peas (seeds

in the pods), others have yeUow peas
;
some of these seeds

have a smooth surface, others are wrinkled; some of the

pods are hard, others are soft. One of the crosses made
by Mendel will serve as an illustration of his work (Fig. 1)

.

k PoUen from a, race ofJalLpjeas was put artificially on

I
the stigma of a plahfoFa short race, whose own stamens,

and therewith the poIlen7Tia'3"been previously removed.

The h:;^rid plants that came from the seed were tall.

These hybrids were allowed to self-fertilize and their

seeds collected. Some of the seeds produced tall plants,
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others produced short plants; iiL-the..ratiQ of S.taU to 1 ,

short. In other words, the contrasted characters of thej|

grandparents reappeared in the grandchildren in the ratio||

of 3 to 1. The experiment was carried through one more
generation, which was necessary in order to get data

for finding out what had been taking place. The short

peas were allowed to fertilize themselves. They pro-

duced only short peas. The tall peas were also allowed to

fertilize themselves. Qnfirtbird of the tall peas produced

only tall offspring; two-thirds produced both taU and

short offspring in the ratio of 3 : 1, as had the first genera-

tion hybrids. Evidently then the grandchildren had been

of three kinds, one kind was pure for shortness, others

were hybrids, and the remaining kind was pure for tall-

ness. These kinds appeared in the proportion of 1 : 2 : 1.
,

;

Some factor or factors in the original tall peas must

cause the peas of that race to be always tall, and some

factor in the original short peas must cause them to be

short. The short factor, may be represented by s, and

the long factor by S. When crossed, the fertilized egg

should contain both factors (sS), and since the hybrids

coming from this egg were tall, it is evident that tall must

dominate over short. Now if the two factors {$8) present

in the hybrid should separate (i.e., “segregate”) when its

ovules and its pollen-grains are foimed, half of the eggs

would contain the factor that represents the short peas

(s), and half of the eggs the factor that represents tall

peas (/S')
;
also half of the pollen grains would contain the

factor that represents the short peas (s), and half of them

would contain the factor that represents the tall peas (S').

Chance meeting between egg-cells and pollen-cells (one

ovule being always fertilized by one pollen grain), would,

on the average, give one fertilized egg containing two

factors for short {ss ) ;
to two fertilized eggs that contain

one of each kind of factor (sS)
;
to one that contains two
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factors for tall {SS). The chance combination just given

may be represented graphically as follows

:

F,.

( Ovules Tall

.
Pollon

Tall- Tall. +

I \all/ \S1

Short

Tall

(Tall-Short.

[Tall-Short.

Short

+Short-Short,

In the actual experiment that Mendel carried out, plants

of the tall I’ace measured from 6 to 7 feet, and those of

the short plants three-quarters to one foot and a half.

The Fi plants were as tall as, or even taller than the tall

parent. When these Fj’s were self-fertilized, the seeds

(either from the same plant or from a random collection

of seeds from different Fi plants) produced 787 long

plants and 277 short plants—a ratio of 2.84 to 1.

As a fair sample of each plant, ten seeds were taken
from each of 100 tall plants of this second (orPj) genera-

tion. Out of the 100 plants so tested, 28 plants produced
only tall plants, while 72 of them produced some tall

and some short offspring. This means that 28 plants

were pure (homozygous) tah, whilst 72 were hybrid like

the Fi plants. T^ng, then, all F^ plants together, the

results show % 'V'^ere short, V* were hybrid, and % w®re
tall, i.e., they stand in a ratio of 1 : 2 : 1.

This relation is illustrated in the scheme below, based
on what 16 Fj plants might give. Twelve would be tall

to 4 short. If the tall plants are tested, they are found
to consist of 4 pure tails {SS) and 8 hybrid tails (sS).

Altogether, then, there are 4 tails to 8 hybrid tails to 4
short, i.e., there are three kinds of Fg peas in the ratio

of 1 : 2 : 1.

12 tall -f- 4 short

4SS -f 8s8 -1- 4ss

1 2 1

The process of disjunction, or separation of the menfj
bers of a paff of iactb^ is hnb^' tecl^
gation. V^le we sometimes also speak of the segrega-
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tion of the characters themselves, it seems better, I think,

to avoid as far as possible this application of the word.

\The factor for tall and the factor for short are said to be

Vllelomorphio to each other. The parents are generally

designated by Pj
;
the first hybrid generation is known

as the first filial generation, or briefly F^. The next

generation, derived from Fx is called Pa, etc. When one

member of the pair of contrasted characters appears in

Fx to the exclusion of the other it is said to be dominant,
the eclipsed character is said to be recessive. The hybrid

itself is said to be heterozygous, meaning that it contains

one factor or gene of each kind, while an individual con-

taining both genes of the same sort is said to be homo-
zygous for the genes involved. Mendel did not emphasize

the idea that even in pure races each character is also

represented, as a rule, by a pair of factors or genes that

segregate in the formation of the germ-cells in the same
way as do the pair of contrasted genes in the hetero-

zygotes, but at the present time this idea is accepted by
all geneticists. It was at least implied on Mendel’s view

that the two pure classes in Pg {88 and ss), formed by
the recombination of two like genes, are identical with

the two grandparental races (Pj).

A crucial test of the correctness of the assumption that

segregation of the members of a pair of elements takes

place in the germ-cells of the hybrid, consists in back-

crossing the hybrid (P,) to one of the parent stock, viz.,

to the not dominant stock, here the short pea. Since short

is recessive to tall, it will not influence the height of the

otfspring when a tall and a short factor are brought

together. Such a cross should show whether the germ-

cells of the hybrid are, as postulated, of two sorts, and
whether equal numbers of each sort are produced. Mendel
made such tests, and obtained equal numbers of two kinds

of offspring.

Mendel obtained results like these with taU verms
short peas for other pairs of characters, such as fasciated

versus normal stems, hard versus soft pod, yellow versus
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green pods, gray versus white-skinned peas, yellow versus
green cotyledons (seen tiirongh the skin of the seed),

and round versus wrinkled seeds (determined by the
nature of the cotyledons within the seed coat).

The 3 : 1, Fz, ratio characteristic for a single pair of

characters is the expectation based on the chance meeting
of either one of two kinds of eggs with either one of two
kinds of pollen grains. In actual numbers tliis ratio is,

of course, no't always exactly realized, but only approxi-
mately. For the seven pairs of characters that Men-
del examined, the ratios were as follows

:

Dominants Heoessives No»8. per 4

Form of seed
Color of cotyledons.
Color of seed coats
Form of pod
Color of pod
Position of flowers
Length of stem

7,324
8,023
929

1,181
680
858

1,064

6,474
6,022
705
882
428|
651
787

1,860
2,001
224
299
152
207
277

2.99 : 1.01
8.00 : 1.00
3.04 : 0.96
2.99 : 1.01
2.9S : 1.06
3.03 : 0.97
2.92 : 1.08

Totals 19,959 14,949
1

5,010 2.996 : 1.004

The following collective data for the inheritance of
color of the cotyledons of garden peas show that the
approximation to a 3 to 1 for the recessive character is

very close:

Yellow Green Total No’s, per 4 Probable errors

Mendel 6,022
1,394
3,580
1,310

11,903
1,438

109,060
1,089
1,647
1,012
3,000
3,082
222

2,001

453
1,190
445

3,903
514

36,186
354
543
344
959

1,008

1,856
70

850

n *0.0130
Correns
Tschermak •4>n ni AO
Hurst
Bateson 1 R QHA *fc0.0093

*±*0.0264
efc0.0030
=*=0.0308
sis0.0250
=*=0.0319
=fc 0.0186
*0.0183
*0.0135
*0.2151
*0.0205

Lock 1 QA*)

Darbishire
Harbyshire 1

White
Correns
Tschermak. 3,959

4,090

7,518
295

3,250

Lock
Darbishire
Correns
Lock

2,405
50

Totals 218,425
j

60,676 203,600 3.004 ; 0.996 .1.0.0026
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That Mendel’s principles apply to animals was first

made ont by Bateson and by Cuenot in 1902. Since then
many characters both in domesticated and in wild animals
and plants have been studied, and there can be no question

of the wide application of Mendel’s discovery.

During the years immediately following the re-dis-

covery of Mendel’s principles (1900) much attention was
paid to the phenomena of dominance and recessiveness.

This was due, no doubt, to the striking fact that the hybrid

sometimes resembles only one parent in some particular

trait, whereas the older observations, where many charac-

ters were generally involved in the cross, seemed to have
shown that hybrids are intermediate in regard to their

parents. We now know, however, that although there are

oases in which the dominance is as complete as in those

described' by Mendel, yet in a very large number of forms

the hybrid is intermediate between the parents, even

when only a single pair of characters is involved. A few
examples wiU serve to illustrate these relations.

The common garden four o’clock, Mirabilis jalapa, has

a white-flowered and a red-flowered variety (Fig. 2).

When crossed, the hybrid hae a pink flower, which may be

said to be interihediate in color between white and red.

Here neither color can strictly be said to dominate. When
the hybrid (Fj) is self-fertilized the offspring (Fj) are

in the proportion of one white, to two pink, to one red-

flowered plant. The F2 reds and the whites breed true

;

the pinks when self-fertilized give white, pink and red in

the proportion of 1 : 2 : 1. In a case of this kind the color

of the Fj plants reveals the nature of the three classes

present, so that it is not necessary to test them out, as was
the case in the Fa generations of Mendel’s peas, where

the Fa tails were found in this way to be of two sorts.

The Fa results with the four o’clock also show, that

the segregation of the genes is clean, for the Fa whites

never produce in subsequent generations anything
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but white descendants, and the reds never anything

but red descendants.

In this case the color of the flowers is obviously

somewhere between red and white. In so far as the Fi
flower is colored, it may be said that red is dominant; in

which case the red and the pink F^ classes (1.+ 2= 3)

are to be counted together as contrasted with the white,

giving a 3 : 1 ratio. On the other hand, if one chose to

emphasize the fact that the F^ pink flower is not red, but

affected by the white-producing element in its make-up,
then not red, but white, might be said to be the dominating
character; in which case the white and the pink F^ classes

(1 -f 2= 3) would be counted together as contrasted with

the red giving an inverse 3 ; 1 ratio. It appears then

largely a matter o^f choice as to what is to be called

dominance (see below). The essential fact of segrega-

tion is not affected by the decision, and it is this that is

fundamentally important.

Another example of failure of complete dominance is

shown in the race of Andalusian fowls. In this race there

are blue, splashed-white, and black birds
;
the blue birds

going under the name of Andalusians. When splashed-

white is mated to black, all the offspring {F-y) are blue

(Pig. 3) ;
when these blues are bred together they give

1 splashi-white : 2 blues : 1 black. Evidently the blue

birds are the heterozygous type. Their feathers show
under the microscope less black pigment, somewhat dif-

ferently distributed from that in the black birds. The
intermediate blue color is due in this case to the less dense
distribution of the pigment in the heterozygote. Lippin-
cott, who has recently examined this cross in greater detail

than heretofore, states that the colored areas or splashes
in the white males are either blue or blackish according
to the part of the body on which they occur, and that this

corresponds with the distribution of the color on the Anda-
lusian, for while the latter is said to be blue, this applies
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strictly only to the hen and to the lower parts of the body
in the cock whose npper surface is very dark blue or

even black.

In this case neither black nor white can be said to be

dominant. The blue brought in as splashes by the

splashed-white might indeed be regarded as dominant over

the black of the other (black) parent, but if so, then the

uniform distribution of the blue must be determined by
dominance of the allelomorphic gene brought in by the

black parent. Each parent then would contribute at the

same time a dominant and a recessive effect, each the

product of one member of the same pair of allelomorphs.

There are other oases in which the hybrid is inter-

mediate in color, and, in addition, its range of variation

is so large that the extremes overlap one or even both

of the two parental types. For example : In the vinegar

fly. Drosophila melanogaster, there is a race with ebony

wings and another race with sooty wings. When such

flies are crossed to each other, the wings of the fly are

intermediate in color, rangiug from wings like those of

sooty to wings as black as ebony. When the Fi flies are in-

bred they give rise to a series that at one extreme has gray
wings and at the other black wings. Separation into three

classes is dilBcult or impossible. Here it may appear that

the two original characters have completely blended m
Fi and in F2, but that there are in reality three classes

of flies in F^ can be demonstrated by suitable tests. If,

for instance, we pick out a sufficient number of F^ males

to give a fair sample of the population, and mate each

male first to an ebony female of pure stock, and then to

a female of sooty stock, we shall find that one-quarter of

the males mated to ebony give only ebony, one-quarter

mated to sooty give only sooty, while the remaining two-
quarters give, both in the back-cross to sooty, and in that

to ebony, a wider ranging group, which is darker on the

whole when mated to ebony, and lighter when mated to
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sooty. These and othei* tests show that in the hybrid
segregation of the same kind as in the preceding oases has
taken place, but the results are obscured by the wide
variability of the hybrid flies. In other words, evidence
can be obtained that the segregation of the genes has been
clean cnt, even although this is obscured by the character
of the heterozygous flies.

Fig. 4.—“Male and female vinegar fly (Drosophila melanoffaster).

In the preceding illusti'ations the character difference
between the two races is supposed to show itself in the
same environment. It has been found in a few other
eases that the dominance of one character over the other
may depend on the environment. For example, in the
normal vinegar fly the black bands of the abdomen show
great regularity (Pig. 4), but in a mutant race called
“abnormal abdomen” (Fig. 5) the bands may be irregu-
larly broken up, or even absent. In cultures with abund-
ance of fresh food and moisture, aU the individuals have
very irregular bands, but as the culture gets old, and the

1
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food and moisture become less and less, tbs-

more and more regular until at last the flies

guishable from normal flies. If a cross is made betw^ii

a female witli abnonnal bands and a wild male, the off-

spring that first hatch under favorable conditions are all

very abnormal. Here abnormal completely dominates

normal bands. But as the culture dries up, the hybrid

offspring become more and more normal, until finally they

are all normal. At this time it might be said that normal
dominates abnormal. Both statements are correct, if we
add that in, one environment abnormal banding dominates.

Fig. 5.—Normal and abnormal abdomen of D. melanogaster.

in another environment normal banding dominates. The
genetic behavior of the pairs of genes is the same here

as in all other cases of Mendelian behavior, but this is

revealed only when the environment is one in which the

abnormal gene produces one effect, the normal a different

one. That the gene is not itself affected by the environ-

ment can be shown very simply. If a female from the

abnormal stock be picked out, at a time when the stock

has only normal bands, and crossed to a wild male, the

offspring will all be as “abnormal” as when the mother

herself is abnormal,- pi'ovided the food and moisture

conditions are of the right kind. The late hatched normal

flies of abnormal stock may be bred from for several

DYS'i aSTS
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generations, but as soon as a generation batches under

favorable conditions they are as abnormal as though all

their ancestors had been of this sort. Thus it is evident

that no fundamental importance is to be attached to domi-

nance of characters. On the other hand, it is equally

obvious that it would be entirely unwarranted to suppose

that incompleteness of dominance is due to failure of

segregation of the genes that stand for the characters.

"While the problem of segregation can be studied to

greatest advantage where the characters of a pair are

sharply separated, yet even where the pair does not

possess this advantage, the cleanness of the segrega-

tion process can be just as definitely, tliough more
laboriously, demonstrated.

In cases where there is an overlap between the hetero-

zygous type and one of the parental ts^pes it may, simply

as a matter of convenience, be advantageous to call that

character that gives the more continuous Fa group the

dominant, thus leaving the smaller more sharply defined

group as the recessive. For example, the group from
black by wild-type Drosophila may be represented by
such a scheme (Fig. 6) as the following:

Fiq. 6.—Relation of black body color to wild typo as shown by tho classes of Ft flies.

The heavy nutlino includes the mutant class, the lighter line tho wild typo, and tho dotted
line tho hotorozygous class.

Here the heterozygous flies are typically intermediates,

but their variability overlaps that of the wild type to

such an extent that separation of the intermediate from
the wild type is practically impossible. On the other hand,

there is no difficulty in making a complete separation

between the heterozygous class and the homozygous blade.
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Black is accordingly treated as a recessive in nearly

all experiments.

Fra. 7.—Normal eyo, o, o', heterozygous eye 6, 6', and bar eye <3, c', of the vinegar fly.

A mutant eye sliape of Drosophila, called “bar” (Fig.

7, a), has an intermediate hybrid type (Fig. 7, 6). The
group may be represented (Fig. 8) in the following scheme

:

Fia. 8.—Relation of bar eye to normal eye, as shown by the Ft olasscs.

In this case the hybrid, intermediate type, overlaps the

bar type, so that in Fs these two latter types give a nearly

continuous class. At the other end of the series, the

roimd eyed normal (or wild) type can be distinguished

without difficulty from either of the other classes. Bar is

therefore norm^y treated as a dominant.
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The case of Mirabilis, or of the Andalusiaa fowl, might
be represented (Fig. 9) in the following scheme

:

Fig. 9.—Relation of Andalusian to splashed white and to blaok as shown by olaasos
of Ft birds.

Here all three types are fully separable, in which case

either homozygote might be considered the dominant.

Finally, to return to the case of the tall and shoi't

peas, the following scheme (Pig. 10) represents the Fg

Fig. 10.—^Relation of tall to short peas as shown by Ft classes.

group: Here the taU and the heterozygous group are

alike, and inseparable by ordinary inspection, even at

the extreme end of their variation curves, and short is

“completely” recessive.

In cases in which the environment enters more
obviously into the result (as in “abnormal abdomen, ’ ’ Pig.

5), the following scheme (Pig. 11) represents the relation:

Dry
Fia. ll.'^Relation of normal to abnormal abdomen as shown by olasses of Ft flies. “Dry"

signifies conditions that make for normal; wot for abnormal.

In this case both the heterozygous and the parental
“abnormal” type may show “normal” abdomen like the
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wild type. The abnormal type is treated as the domina^it
although only when the conditions are favorable to its

appearance is the hereditary phenomenon seen.

another case (duplicate legs) only the homozygous form
may show the duplications (in a special environment)

.

The following scheme (Fig. 12) represents this relation,

reduplication of legs being treated as a recessive

:

There are still other relations that affect the dominance
of characters. For example, there may be internal fac-
tors, which when present, determine that a character shall
be dominant over its allelomorph, or recessive to it. In
this connection might be mentioned what has been called
“reversal of dominance.” An example from Davenport
will illustrate what is meant. In a certain strain of fowls
there is a tendency for the toes to be united by a web at
the base. Crossed to birds with normal feet, no birds
with united toes (syndaotyls) appeared in F^. The Fx
birds inbred gave in Fa only about 10 per cent, of syndaotyl
birds. It would appear that the latter character is reces-
sive, and that the recessive type overlaps largely the
dominant heterozygous type.

Davenport interpreted, however, the syndaotyl as the
dominant type, because “two syndactyls may give nor-
mals, but no true normals give syndactyls.” In other
words, he defines the dominant type as the one that can
carry the other type, because he says dominaace is due to
presence of factors, recessiveness to absence. “Now
dominance may fail to develop but recessiveness never
can do so.” For this reason two syndaotyls may give

3
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normals,because a dominant charactermay fail to develop,

even though its factors be present. Since normal feet

never give syndaetyls, the normal type must be recessive.

But Davenport’s definition of a recessive type as one
that never shoyrs in the heterozygous condition is in my
opinion based on an arbitrary distinction of what is the

cause of dominance and recessiveness. The evidence may,
I think, be better interpreted as indicated in the same
diagram as that for abnormal abdomen (Fig. 11) in that

part marked “dry,” in which the syndactyl condition

would be represented as recessive (heavy line). In the

hybrid the character is usually seen only in a few individ-

uals, i.e., it is intermediate, overlapping both parent types.

While this case shows tliat it is often only a convention

as to which type is called the dominant and which the

recessive, I can see no special reason why in these oases

of syndactylism the usual convention may not be followed

which recognizes the small class as the recessive.

Mendelism rests on the theory of a clean separation

of ilie members of each pair of factors (genes). In

every heterozygote the factor for the dominant and that

for the recessive are supposed to come into relation to

each other and then to separate at the ripening of the

germ-cells. If we think of the two genes coming together

and afterwards separating, it would seem that a favor-

able situation might exist for the two to become mixed,

and one “contaminate” the other. If any extensive

process of this kind occurred the Mendelian phenomena
would be so irregular and erratic that they would have

little interest. But even those who are inclined to appeal

to contamination as an exceptional phenomenon, grant

that clean separation of the genes is the rule. The best

critical evidence against contamination is in eases in which

for many successive generations breeding has taken place

from heterozygous forms only (which creates a favorable

situation for contamination to take place were it possible).

No influence of contamination has been found in such oases.
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Marshall and Muller kept flies heterozygous for three re-

cessive mutant factor for about seventy-five generations,
and at the end of that time found that these factors had
not been weakened in any way as a result of juxtaposition

FicJ. 13.—Notch wings in the vinegar fly, oxtromo condition, o; average condition, 6;
nearly normal condition, c.

with their normal dominant allelomorphs. I have kept

a stock of notch-winged flies under selection for twenty-

five generations. Notch (Fig. 13) is a character varying

in the direction of normal wings (Pig. 13, c)
;
in every

generation of notch, many notch flies have normal wings.

The character is dominant, and exists only in heterozy-

> ^ ..l'
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gOTiB condition, since a fly homozygons for notcli dies. Tlie

race is therefore necessarily maintained in a hetero-

zygous state. In each generation females that were
genetically notch, but had normal wings, were selected

and bred to normal males. The selection was away from
notch {i.e., toward normal) . After a time more than half

of the notch flies had normal wings. The effect produced
proved to he due not to a change in the notch gene through
contamination, but to modifying genes

;
for at the end of

tlae selection the original notch could be recovered at any
time by removing the influence of the modifying factor.

It has been sometimes stated, usually by the opponents
of Mendel’s theory, or by advocates of doctrines of evolu-

tion that appeared to be compromised by the Mendelian
conception of “unit factors,” that Mendelism deals only
with such superfidal characters as the color of flowers

or the hair color of mammals. This statement contains

an element of truth in so far as it covers most of the
Muds of characters that students of heredity find most
convenient to study; but it contains an entirely false

inference as to the limitations of Mendelism. The issue

involved is this : changes in superficial characters are not
so likely to affect the ability of the organism to survive
as are changes in essential organs

;
hence they are the best

kind of hereditary characters for study. But there is no
evidence that such superficial characters are inherited in

a different way from “fundamental” characters, and
there is evidence to the contrary. A common class of

characters showing perfect Mendelian behavior are
so-called lethals that destroy the individual when in homo-
zygous condition. There can be no question as to the
fundamental importance of such factors. Between these

extreme cases and the superficial shades of eye color,

for example, all possible gradations of structure, physio-
logical and pathological, are known. The only possible

question that might bo seriously raised is whether these
characters are all losses or deficiencies, while progres-
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sive advances may belong to a different category. This

may be a serious question for the evolutionist, but has

nothing to do with the problem that concerns us here.

In recent years an entirely unexpected and important
discovery in regard to segregating pairs of genes (allelo-

morphs) has been made. In an ever-increasing number of

oases it has been found that there may be more than
two distinct characters that act as allelomorphs to each

other. For example, in mice, yellow, sable, black, white-

bellied gray, and gray-bellied gray (wild type) are allelo-

morphs, i.e., any two may be present (as a pair) in an
individual, but never more .than two. In BrosopTiila the

eye colors white, eosin, cherry, blood, tinged, buff, milk,

ivory, coral and the normal allelomorph form a series of

multiple allelomorphs. In the grouse locust, Paratettiw,
there are nine types that may be allelomorphic, all of

which exist in the wild state (Nabours). In Drosophila,
again, there are as many as twelve other series of allelo-

morphs kno^ at present; in rats there is a small allelo-

morphic series, also two in guinea pigs and two in rabbits.
In plants there are a few cases known, especially in corn.
In all these series it is the same organ that is mainly
affected by the different allelomorphs, which seems ‘

‘ natu-
ral,” but was not necessarily to have been expected. The
chief interest of these series is that they appear to demon-
strate that the normal (wild type) allelomorph, and its

mutant mates need not be due to presence and absence,
but rather represent modifications of the same unit in the
hereditary material

;
for, taken literally, only one absence

is thinkable, and yet in Drosophila there are eight such
“absences” in one series.

As has been stated, Mendel did not make it clear that
there exists in the normal animal or plant the same dual-
ity that comes to light when a hybrid is produced

; never-
theless this condition is implied, at least, in his paper,
and has been taken for granted in practically all of the
modern work on heredity. The demonstration that such
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is the ease is, however, not a simple matter. It could not

have been made by Mendel or in the earlier days after the

rediscovery of Mendelism (1900). An attempt to furnish

this demonstration is given in Chapter XX. Assuming
the demonstration to be satisfactory, we reach the highly

important conclusion that segregation is not something
peculiar to hybrids, but something most readily demion-

strated bymeans of hybrids, and that in all probability the

germ-plasm is at first made up of pairs of elements, but

at the ripening of the germ-cells these elements (genes)

separate, one member of each pair going to one daughter
cell, the other member to the other cell. The mechan-
ism by means of which such a process might take place

had been known for several years before its relation

to Mendel’s principles of segregation was realized. This

mechanism is to be found in the conjugation and reduc-

tion processes that take place in the maturation of egg-

and sperm-cell. An account of this process is given in

the next chapter.



CHAPTER III

THE MECHANISM OF SEGEEG-ATION

One of the most secure generalizations of modem work
on the cell is that every cell of the individual contains a
constant number of self-perpetuating bodies (called chro-
mosomes), half of which are traceable to the father and
half to the mother of the individual. No matter how
specialized cells may be, they contain the same number
of diromosomes. Equally important is the fact that after
the eggs of the female and the sperm-cells of the male
have passed through the ripening or maturation divisions

the number of chromosomes is reduced to half.^ Lastly,
there is convincing evidence that the reduced number of

chromosomes is brought about as the result of a separa-
tion of such a Mnd that each mature germ-cell gets only a
paternal or a maternal member of each chromosome pair.

The reduction takes place in the female at the time
when the polar bodies are given off from the egg; and in

the male just prior to the formation of the spermatozoa.
A characteristic process is seen in the oogenesis and sper-

matogenesis of the nematode worm Ancyracanthus cysti-

dicola (a parasite in the swim-bladder of fresh-water

fishes) described by Mulsow. The young eggs contain

twelve chromosomes (Fig. 14, a). As the result of the

later union of these twelve in pairs, six short threads

appear in the nucleus of the egg just before it extrudes its

polar bodies. The threads contract to six short rods

(split in two planes at right angles to each other), the

tetrads (Fig. 14, c). With the dissolution of the nuclear

wall these tetrads arc set free in the protoplasm, and a
spindle develops about them (Pig. 15, a). They pass to

the equator of the spindle, and there dividing lengthwise.

^ Exceptions occur in certain cases of parthenogenesis.

39
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half of eaoh goes to one pole, and half to the other pole

of the spindle (Fig. 15, &). One end of the spindle pro-

trudes from the egg, and around it the protoplasm oon-

b
Fio. 14.—06cyte of Ancyracanilius^ a; growth period, h; nucleus with tetrads, c.

Mulaow,)
(After

stricts off (Fig. 15, c) to form the first polar body. About
the six ovoidal chromosomes left in the egg a new spindle

develops; and these chromoso'mes become drawn into

its equator, where they divide again, half of each going

Fia. 15.—^Egg of AnoyracanthuB with six tetrads, a; egg with first polar spindle, 6;
6Bfi after extrusion of first polar body, c; egg with second polar spindle, a; egg after the
extrusion of both polar bodies, e.

to one pole and half to the other (Fig. 15, d). A sec-

ond protrusion takes place from the surface' of the egg
which pinches off to form the second polar body (Fig.

15, e) . Thus, after two mitotic divisions, the egg has lost

three-quarters of its chromatin, but retains half the fnU
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number of Ghromosomes, and as a result, the original

twelve chromosomes have been reduced to six.

Around the six chromosomes left in the egg, a nuclear
wall forms, and the chromosomes become sptm out into

delicate fibres. Meanwhile a spermatozoon has entered
the egg, and out of its head another nucleus develops. The
two nuclei, the egg nucleus and the sperm nucleus, move
toward the center of the egg (Fig. 16, o), where they
come into contact with each other. After a time, the

chromatin threads begin to condense again into rods.

Fig 16.—Eggs of Ancyracanthw within membrane. Egg with two pronuclei, a;
oKg pronuoleus with six ohromosoraes and sperm nucleus with six chromosomes, 6; egg pro-
nucleus with six chromosomes and sperm nucleus with five chromosomes, c; union of male
and female pronuclci, d, (After Mulsow.)

Six appear in the egg nucleus, and six in the male nucleus

(Fig. 16, ty. A spindle develops in the protoplasm of

the egg around the twelve chromosomes of which six have
come from the father (the paternal chromosomes) and
six from the mother (the maternal chromosomes) (Fig.

16, d). Bach chromosome now splits lengthwise into

equivalent halves, and a half moves to each pole of the

mitotic spindle. The spindle rotates in the cytoplasm of

this egg until its long axis corresponds with that of the

egg. As the daughter chromosomes move towards the

poles of the mitotic spindle the egg protoplasm constricts

* Assuming a female producing sperm to have entered.
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between them so that two cells are formed, each cell con-

taining twelve chromosomes, six paternal and six mater-

nal. Thus, through fertilization, the whole number of

chromosomes is restored to the egg. This number remains

through all subsequent divisions of the cells of the embryo.

The male of Ancyracawthus has only eleven (Pig. 17, a)

chromosomes
;
because the male has only one sex-ohromo-

Fio. 17.—Spormatogenesis of Ancvracanthus. Spermatogoniat coll, a; coll after jfrowth
period with tetracla, b; first spormatocytc division, c; two oells resulting from first division
with six and with five ohroinosomes, respectivoly, d; four oolls roeulting from the next
division, e; ditto,// mnturo spermatozoa, one with six, the other with five, ohromosoinos,/?/
ditto, living spermatozoa, li. (After Mulsow.)

some, while the female has two sex-chromosomes. Both
sexes have ten other chromosomes, sometimes called anto-

somes. Just before the maturation divisions take place,

there are six rods in each sperm-cell, five of which (the

autosomes) condense into tetrads, the sixth (the sex-

chromosome) into only a double body (Pig. 17, 6). A
spindle develops about these and each of the five auto-

somes divides. The sex-chromosome does not divide, but

passes to one pole of tbe spindle (Pig. 17, c). The result
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is that two cells are produced, one with six, the other

with five chromosomes (Fig. 17, d).

Without a resting stage a new spindle develops in each
cell, and a new division takes place—each dumb-bell-

shaped body dividing, as well as the sex chromosome ia

the cell that contains it. In all, four cells result (Fig. 17,

e and /)—^two' with five chromosomes each, two with six

each. Each becomes a spermatozoon, which in this worm
is a round cell with the chromosomes at one pole (Pig.

17, ff). Half of the spermatozoa contain six, half

five chromosomes. They can be distinguished even in

the living sperms (Fig. 17, h). If a six-chromosome
sperm fertilizes an egg (Fig. 16, &), a female (with 12

chromosomes) is produced—if a five-chromosome sperm
fertilizes an egg (Fig. 16, c), a male (with 11

chromosomes) is produced.

The two chromosome divisions (or separations) that

take place when the polar bodies are extruded from the

egg are, for a number of reasons that need not be entered

mto here, generally regarded as equivalent to the two
final divisions in the ripening of the sperm-cells. One
of the two divisions is interpreted as an ordinary cell-

division in which the chromosomes split lengthwise into

equivalent halves—half going to each pole. The other

division is interpreted as a separation of whole chromo-
somes that have come together side by side at an earlier

stage. The tetrad is, then, looked upon as a pair of

chromosomes that have conjugated in the sense that they

have come to lie side by side (with interchange of mate-
rials at times in a way to be described later). One split

is supposed to correspond to the line between the conju-

gated pairs
;
the other split represents a division in each

chromosome of the pair. As a consequence when the

chromosomes move apart (at the maturation division) one

of the two divisions is said to be a “reducing division”

because whole chromosomes are supposed to separate; the

other division is said to be an “equation division,” each
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chromosoine splitting lengthwise into equivalent halves as

in ordinary cell-division.

The interpretation of these two divisions that occur

in the egg and in the sperm-cell has been the subject of

much speculation. It is apparent that the process reduces

the number of chromosomes by half, and that the whole

number is regained by fertilization. It is sometimes said

that the “purpose” of this division is to keep the number
of chromosomes constant, for, if not reduced, they would
increase in number with each fertilization.

The “reason” for the other, the second, division is

acknowledged to be obscure. For present purposes it is

futile to speculate concerning these two divisions, but it

should be pointed out here that the genetic evidence is in

full accord with the interpretation of these two divisions

that is generally accepted to-day by cytologists, i.e., that

one of the divisions separates the conjugating pair, and
that the other represents a longitudinal division within a
paternal and within a maternal chromosome of each pair.

If we follow the history of the germ-eeUs further back
before the maturation divisions, we find that between the

stage when the half number of chromosomes reappears
(tetrads) and the stage at which the full number was
present, there is a very obscure period in the history of
the germ-cells. This period has been studied chiefly in

the male. Only a few types have been found favorable
for the study of tliis period. One of the most favorable
ones is a marine annelid, Tomopteris, studied by the
Schreiners. The early division of the germ-cells (the

spermatogonia) of Tomopteris, when the full number
of chromosomes is present, is shown in Pig. 18, a-g.
The division is lilce that of all the other cells of the body.
The chromosomes appear as thick bent threads that split

lengthwise (Pig. 18,a, b). The nuclear wall disappears and
a spindle appears near the group of split chromosomes
(Pig. 18, c). As the poles of the spindle move apart the
chromosomes become arranged at the equator of the spin-
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die, each, half of each chromosome becoming attached by
a spindle fibre to one pole (Pig. 18, d)

.

The halves move

Fid. 18. LiiHt Hpornmtogonial diviBion of Tomovteria, a-h; atagos boforo and during
aynapaiai i-l, (After Sohreiner.)

apart towards their respective poles (Fig. 18, e) and as

they become separated into two groups the cell protoplasm
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constricts between them to produce new cells (Pig. 18, /).

When the chromosomes have reached the pole they shorten

(Fig. 18, g) and appear to send out anastomosing threads.

Around this group of threads a new nuclear wall is formed
(Pig. 18, h). All trace of the separate chromosomes is

now lost, but between the last stage just described and the

stage now to be described it is supposed that important

changes in the chromosomes take place. This new phase

is spoken of as the synapsis stage. At the beginning of

this stage (Fig. 18, i and j) faint indications of the chromo-

some appear, and soon they can be seen again (Fig. 18, 7c)

as long thin threads whose free ends place themselves in

parallel pairs. The pairing of the threads continues to

extend inwards from the ends (Pig. 18, 1) until they have
united throughout the length of the loops (Pig. 19, a).

There are exactly half as many of these loops as there

were original chromosomes, which is expected if they have
united in pairs. The conjugation has been accomplished.

During the stages that follow, the double chromosomes
shorten and become thicker (Pig. 19, h, c, d), and con-

dense into the form of tetrads (Pig. 19, e). They begin

to separate into halves, each half is also split lengthwise.

A spindle appears, and the cells divide (Pig. 19, f,g,h).
In each cell the chromosomes show indications of passing

into a resting stage, as happens after all ordinary cell

divisions, but before this change has gone very far a new
spindle appears (Pig. 19, i), and preparations for another

division are rapidly made. The new division completes

the maturation of the sperm-cells (Pig. 19, j, h, 1). Each
of the four cells resulting from the original sperm-mother-
eell differentiates into a spermatozoon.

In one of the salamanders, Batrocoseps, the matura-
tion stages of the male are particularly well shown. The
essential stages in synapsis are shown in Pig. 20, a-d
as worked out by Janssens. These stages are essentially

the same as those of Tomopteris. During the early multi-

plication stages the cells of the future testes divide by
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the ordinary mitotic process. The cells then pasj
synaptic stage (Fig. 20, a-d ) . As the chromosomt

Fx(3. lO.-^Thiu-thread stage of tTomop/eris Bpcrmatooyte, a-d; tetrads, e; first sperma"
tocyte division, /-?; second spermatocyte division, (After Schreiner).

to emerge as thin threads, it is found in Batracoseps that

their ends are all pointed towards one pole (Fig. 20, d).

This is the same pole as that towards which the two ends

,4
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of each V-sliaped chromosome pointed as the cel went
into the restiag stage. It appears then that the chromo-
somes not only retain their original orientation, but that

the ends of homologous chromosomes have already come
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are now in the form of thin threads. At the point where
the two threads come together (Fig. 20, /) they can often
be seen to be shaped like aY and, at the point of meefirio-

the uniting threads are often twisted about each other.

The fused part of the united threads steadily grows
shorter and thicker. They become the condensed pachy-
tene threads, and appear as represented in Fig. 20, g. The
thick threads shorten further, and the line of fusion
between them (or a new line of cleavage) appears, as
seen in Fig. 20, h. It will be noticed also that the ragged
outline that the chromosomes had during the preceding
stages is gradually lost, so that they now appear as solid
rods or cords, which finally when they have reached the
last stage in their condensation (Fig. 20, i) appear (in

Batracoseps) as rods twisted cd)Out each other. Whether
this twisting represents the original wrapping around
each other of the leptotene threads as they conjugate, or
whether it is a new arrangement resulting from the con-
densation of the chromosomes that are not free to move at
aU points, hence twist about each other as they condense,
is a question that calls for further and careful considera-
tion. For the present—since segregation alone is here
involved—-this matter may be laid aside. In this con-
densed condition the chromosomes pass into the first

maturation division.

As already stated, the union of the chromosomes in
the eggs of the female has been less often studied, but
that the process is essentially the same is sufldciently evi-
dent. In one of the sharks, Pristiurus mela/fiostomus, the
following stages described hy Mar^chal show how fiiTnilar
are the maturation stages in the female to those in the
male. When the germ-cells have reached the end of the
multiplication period they pass into the synaptic condition,
as shown in Fig. 21, a to d. Then threads appear in the
nucleus; and soon it becomes evident that most of them
are in the form of loops, whose ends are uniting in pairs
(Fig. 21, e, /). When conjugation is fiLnished thick loops

4
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are present that shorten further into thick rods (Pig.

21, g) that often show a single longitudinal split. The

egg now begins to accumulate the enormous amount of

yolk characteristic of selachian eggs
;
and during this time

the chromosomes become more and more indistinct. As
shown in the figure (Fig. 21, hr-k) they appear to send out

loops laterally, which loops may be only the bendings of a

long thread. When the yolk formation is finished the

chromosomes condense into shorter threads, with lateral

branches (Pig. 21, 0* When the egg is ripe, the nuclear

wall is absorbed, the chromosomes appear as short rods

(arranged in twos), which place themselves in the polar

spindle. Two polar bodies are given off, leaving the

reduced number of chromosomes in the egg.

It is obvious from the preceding account that the sperm

and the egg pass through essentially the same stages dur-

ing maturation, the essential feature of which is the con-

jugation of homologous chromosomes followed by their

subsequent segregation. Each sperm and each egg is left

with half the original number of chromosomes—one of

eaehMnd.

TiATtbRAT. VbBSUS EnD-XO-EnD PtlSION OF THE ChBOMOSOMES

In the preceding account of the union of the chromo-

somes only one method of union is described, viz., side-to-

side conjugation. The tetrad as represented is due to one

division plane between the conjugating pairs, and the other

due to a longitudinal split of each conjugating member.
But according to some observers, more especially botan-

ists, anothermethod of union also occurs, in which the split

chromosomes unite end to end. If the division planes

in such a tetrad represent respectively the plane of union

at the ends, and the longitudinal split through the united

rods, the final result of this separation would be exactly

the same so far as the four elements of the tetrad are

concerned, but the process would have serious conse-



Fxg. 21.—Synaptio stages, and those immediately following, in the egg of Prisiiurua.
(After Mar4chal,)

%
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quence for genetics in so far as the chronaosomes represent

the bearers of genes, for while side-to-side union offers

an opportunity for interchange between the paternal and
maternal members of a pair, no such interchange could be
postulated if end-to-end conjugation took place. So far

as segregation is concerned either method supplies all

that is called for.® A discussion of other matters will

be left until later.

Individuality of the Chromosomes

During the period of cell-division there can scarcely

be any question concerning the persistence of the individ-

ual chromosomes, because they remain visibly distinct

elements in the cell; but when the nucleus re-foms after

each division the chromosomes spin out threads laterally,

and these appear to fuse, making a continuous network
throughout the nucleus. "Whether there is actual fusion

between these threads or whether they occupy delimited

contact areas, and whether the branches represent the

essential part of the chromosome concerned in heredity,

are questions impossible to answer at present. The
genetic evidence at least consistently shows that no real

fusion of the hereditary material occurs even in cells that

have passed through many such resting periods.

From several other sources there are strong indica-

tions that the chromosomes retain their individuality dur-

ing the resting stage. In Ascaris, where the chromosomes
are few and long, they are often drawn out in anirregular
way in the cleavage cells as they pass to the poles of the

spindle of the dividing cells. Daughter halves of the same
chromosomes show the same identical irregularity.

Boveri has shown by an examination of a large number of

daughter cells (pairs) that are getting ready for the next

division, that when the chromosomes of sister cells reap-

• If the pairs fused end to end and the tetrad arose by two longitudinal

divisions, the outcome would not be in harmony with the theory of segrega-

tion based on separation of maternal and paternal chromosomes at reduction.
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pear they show the identical irregularities (Fig. 22, a

to d) . It is probahle, therefore, that each chromosome has
retained the particularform that it had when it passed into

the resting stage
; or at least that the axial thread from

which the network was spun out has remained in place.

In a few cases the chromosomes appear more or less

visible during the resting stages. This, however, is such

a rare event that it is doubtful whether it can be appealed

to in support of the view that in other cases the chromo-
somes remain intact.

a b c d
Fig. 22.—Sister blaBtomarea of Alcana preparatory to another division, showing similar

arrangonionts of chromosomes. (After Boveri.)

The most convincing evidence comes from exceptional

cases of accidental or irregular distribution of one or

more ebromosomes, so that an egg, or a cell comes to have
one more chromosome than is usually present. In the

thread-worm Ascarks there are two varieties—one that

has four chromosomes in the embryonic cells (with two as

the reduced number) and another variety with two
chromosomes (with one as the reduced number). A few
females have been found in which the unfertilized eggs
contain one of tliese nrunbers, and all of the spermatozoa
that have been received from another individual the

other number. In such cases the fertilized eggs, and
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all embryonic cells, have three chromosomes each (Fig.

64), showing that when an egg starts with three chromo-

somes, this number is retained through all subsequent

divisions, despite the fact that after each division a re

ing stage intervenes.

•'A
• A ^ ^ ipk »

^ •
V*'

a a‘

cJ'. 5

•b.VAiV-

d b‘

% • - *

. 1 *

c €•

Fiu. 23.—NoriaaI.;a, b, and rtiduced a', b'l ohromosomes of two apeoies of Biston; and of

hybrid c, o'.

The evening primrose, (Enothera Lamarokiana, has

14 chromosomes (reduced number 7). Individuals are

known in which there are 15 chromosomes. As a result

of accidental displacement at a division in a germ-cell,

possibly one cell came to contain an additional chromo-

some. Such a cell combining with a normal one, at fertil-
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ization, would produce a plant of the 15-eliromosome
type. Here again, the additional chromosome persists

as an individual element of the cell throughout subsequent
cell-generations.

Pig. 24.—Lagging and elimination of oliromosoincB in hybrid fish embryos. (Aftor Pinney)

.

In-Drosophila a female occasionally appears with two
X’s and a Y-chromosome. There are several ways in
which this may arise, but the most common way appar-
ently is for an egg to retain both of its X elements. Such
an egg fertilized by a Y-bearing sperm produces an XXY
embryo. Such an embryo retains throughout the entire
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development (cell-divisions) its two X’s and its Y.
is evidence for this, obtained by Bridges, both .

observation of the cells themselves and from the gei

behavior of snch an individual.

In certain crosses between moths with different num.

bers and sizes of chromosomes, Federley, and Harrison,

and Doncaster have shown that the cell of the hybrid

contams half the number of each species, even with

their characteristic size differences (Fig. 23). In crosses

between different species of fish, where the size differ-

ences are quite conspicuous, it has been shown by Moenk-
haus, Morris and Pinney (Fig. 24) that the embryonic

cells may continue through their divisions to retain

the characteristic chromosomes of both species. These

hybrid cases are particularly significant; for the chromo-

somes derived from the father are in the foreign

medium of the protoplasm of the other species. Never-

theless, in some oases they retain their own peculiarities,

through successive cell generations.

Evidence That Homologous Cheomosomes Mate with
Each Othee

That the mating of the chromosomes in pairs is not a

haphazard process, but that each paternal chromosome

Fig. 26.—^Fomalo and male chromosome groups of Protcvor. (After Wilson.)

mates with a definite maternal chromosome, has been

established by evidence from several sources. In many
species the chromosomes are of different sizes, and some-

times certain ones are markedly different in size from the

others. In the bug Protenor the two sex-chromosomes
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of th.e female are conspicuously larger than, the others
(Pig. 25, a). When reduction takes place the sizes of

Maturation Divisions or Protenor Q

Oocyte 1“ Polar Splnile

Fia. 26.—Reduced ohromoBome group;

2*^ Polar Spiuile
Mature and

Polar Bodies

and extrusion of polar bodies in Proienor.

Maturation Divisions or Protenor (J

o o„
oOO
VO
Meiaphase of the

Spermatocyte

\mo

Amfliase of \h

^Oo
o O
O

P* Spermalayte

Metaphase of the

2^ Spermatocyte

Pio. 27,—Reduced chromosome group of male;

2^' Spermatocyte

and spermatogenesis in Protenor,

the pairs show that these two large chromosomes
must always unite with each other (Fig. 26). In the
male of certain species, as in Protenor (Fig. 27), the
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sex chromosome has bo mate, and therefore nothing to

fuse with. Its size, after the others have conjugated

(Fig. 27) shows that it remains single; while its failure

to divide twice, as do the other chromosomes, corrobo-

rates the view that having no mate of its own it never
combines with any other. At the other extreme, the two
very minute chromosomes in several of the Drosophila
species must have united to form the smallest chromo-
some of the reduced series (Fig. 28, Or-a', b-b'). In a
few cases the X and the Y are different in size. "Wlien

they fuse (in the male) the size of the fused mass is what

Fio. 28.—Diploid and haploid chromosome groups of DroBophila I usckiit o, tind />.
mdanica, ineglecta) &, (After Motz.)

is expected, viz., the sum of the masses of X and Y, and
their subsequent separation into parts corresponding in

size to the fused bodies supports the view that conjuga-
tion amongst the chromosomes is a very definite process.
In the very exceptional case of a bug, Metapodius, there
is a pair of small chromosomes called m’s. When the
other pairs enter the spindle the two m’s come together,
touch, and then separate, to pass to opposite poles.

ItisUMS

The evidence from studies of the maturation of eggs
and sperm shows that the paternal and maternal ohromo-
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fiomes come together at this time in pairs, and snbse-

qnently separate, so that each egg comes to contain
one or the other memher of a pair. The same process
takes place in the formation of the sperm-cells. It is

obvious that if one member of any pair contains material
that produces an effect on some character as one of the

end results of its activity, and the other member of the

pair contains a different material, the behavior of the

chromosomes at the time of maturation supplies exactly

the mechanism that Mendel's law of segregation calls for.



CHAPTER IV

MENDEL'S SECOND LAW—THE INDEPENDENT
ASSORTMENT OF THE OENES

Mended proved that when, racgs-differ from each
other in two pairs of ,^ara.cters,'^each pair considered

byllaelf alone gives the 3:1 ratio, and the inheritance

of one pair is independent of that of the other. If a tall

race of peas with colored flowers is crossed to a short

race with white flowers the offspring show the two domi-
nant characters,, i.e., they are tall and have colored

flowers. If these are inbred they produce tall and short

offspring (F^) in a ratio of 3 : 1, and these same individ-

uals, if reclassified for pigment, are colored or white in

the ratio of 3 : 1. For example, the ideal for 12 tall peas
would be 9 colored and 3 white; and for 4 short peas

there would be 3 colored and 1 white. Expressed in a

diagram we have
•

,
,

12 tall 4 short
9 colored ; 3 white 3 colored ; 1 white

The preceding way of stating the results deals

directly with the facts. The explanation of these results,

based on the segregation of the members of the two
independent pairs of factors, is as follows: If we call

the gene for tallness by the same name as the character

itself, viz., tall, and the gene for shortness by the name
of this character, viz., short, and similarly for the other

pair of characters, viz., color versus white, then when
crossed the hybrid has two pairs of allelomorphs,

tall color

short white

59
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If at tlie maturation (whether of egg or sperm) tall and
color go to one cell, then short and white go to the other

oeU; but if one of the pairs is turned, so to speak, the

other way, thus
short color

tall wiiite

so that short and color go to one cell, then tall and white

go to the other. Pour classes of germ-cells are expected

in Pi, namely,

tall color, tall white, short color, short white.

Chance meeting of any one of these four kinds of pollen

grains with any one of the same four kinds of eggs will

give the sixteen recombination classes shown in the fol-

lowing table:

Eggs tall color tall white short color short wliite

Sperm
tall color

tall color

tall color

tall white
tall color

short color

tall color

short white
tail color

tall white

tall color

tall white
tall white
tall white

short color
tall white

short white
tall white

short color

tall color

short color

tail white
short color

short color
short color

short white
short color

short white

tall color

short white
tall white
short white

short color

short white
short white
short white

The four kinds of eggs are written above and the four
kinds of sperm are written to the left. There are 16 pos-

sible combinations. Since tall and color are dominant
the recombinations give : 9 taU color, 3 tall white, 3 short
color, 1 short white. In this table the genes have the

same name as the character for which they stand, and
these names are written out in full, hnt it is generally
more convenient to use symbols for the genes in order



MENDEL’S SECOND LAW 61

to save space and time. It is customary to represent
the members of a pair by the same letter, as Mendel
himself did, and to represent the dominant member by
the capital letter, the recessive member by a small letter.

Thus if A= tall and a =! short; and 5= color and
6= white, the recombination sqnare becomes:

Eggs AB Ah aB ah

Sperm
AB

Ah

aB

ah

AB Ah aB ab
AB AB AB AB

AB Ah aB ah
Ah Ah Ah Ah

AB Ah aB ah
aB aB aB aB

AB Ah aB ah
ah ah ah ah

Instead of nsing arbitrary letters for the characters

as above, it has been found more convenient to use a
mnemonic system in which the first letter of one of the

members of each pair becomes the symbol. The two
members of such a pair are then distinguished from each

other by using a capital letter for one and a correspond-

ing small letter for the other. For example, we might
let short, T==tall, c= white, C'= coloi’. In this

case the capital letter represents the dominant character,

and the small letter represents the loss of that character,

as seen in the recessive type. But besides prejudging the

question as to what kind of a change took place in the

germ-plasm to change a dominant to a recessive by
assuming that it is due to a loss, this system is unsatis-

factory in cases where many modifications of the same
organ exist (such as the 40 eye colors of the vinegar fly).
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and where new ones are being found. For exanaple, if the
symbol R (red) is used for the dominant wild eye color,

small r would stand for any one of 40 mutant eye colors,

and when several of these occur in the same experiment
there would be no way of telling for which one the small
letter stood. Some other system' becomes imperative
in such cases,*- and the most consistent seems to be to

use a small letter for the mutant gene in question (or

when unkno'wn for the recessive gene), and the corre-

sponding capital letter for its allelomorph (usually the

wild type) , Thus, s— short, 8= tall, w= white, W=
color. The recombination square for the same characters

treated above is then:

Eggs Sw sW sto

Rporni sw Sw aW sw
SW SW SW SW SW

SW Sw sW sw
Sw Sw Sw Sw Sw

SW Sw sW sw
sW sW sW sW sW

SW Sw aW aw
sw m ' 8W sw sw

Since the large letters simply represent the wild type of

each particular diaracter it may sometimes simplify the

fornmlaj to omit them, or since this may lead to confusion

in making up pairs of genes, some convention for wild

type, STich as N (normal), T (type), or the sign, or a

dash, or a dot may be used. Such short-hand methods

are followed by many workers, but it is not necessary to

advance the claims of any one of them here. If, for

^An even more Borioiitt objection to the system is explained in ”The
Mciduinism of MencleUan Ilorodity, ** pages 233-235.,
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example, the normal, meaning the wild type in each factor
pair, is represented by N, the foregoing table becomes

:

Eggs NN Nw sN aw

Sperm
NN

NN Nw aN aw
NN NN NN NN
NN Nw aN aw

Nw Nw Nw Nw Nw

NN Nw aN aw
sN aN aN aN aN

NN Nw aN aw
m aw aw m aw

In the preceding illustration one grand-parent (Pj) was
assumed to have had both dominant characters (tall and
colored), while the other grand-parent had both reces-

sives (short and white). Obviously the grand-parents
might have happened to be made up differently—one
might have been tall and white, the other short and col-

ored. The Fi plants {8s, Ww) would have been the

same in either case, and so would the results. In
other words, for the principle of assortment it should

make no difference from which parent the characters have
come. This is illustrated in the following cross (Fig. 29),

in which a wingless vestigial (recessive) Drosophila
male having the wild-type color (dominant) is bred to

long-winged (dominant) female with ebony (recessive)

body color. The Pj flies have long wings and wild type

body color. Inbred, they give 9 long wild type color, 3

long ebony, 3 vestigial wild type color, and 1 vestigial

ebony. In the diagram the gene for vestigial is repre-

sented by V, and its allelomorph for long wings by F; the

gene for ebony by e, its allelomorph for wild type color

by E. The germ-cells of the two Pj flies are i£erefore

vE and Ve. Each contains the wild-type allelomorph

of the recessive mutant gene in the other parent. The
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Fi fly has the formula vVeE. Independent assortment
of the two pairs of factors

V E
T T

gives four kinds of gertn-oeUs both in males and fe-

males, thus

:

vE Ve VE ve

Any one of the four kinds of egg may be fertilized by any
one of the same four kinds of sperm giving the same result

as in the case of tlie peas, viz., four kinds of F2 individuals
in the ratios of 9: 3: 3:1. In practical tests the occur-

rence of or the possession of a race with both reeessives

in it is highly desirable for use in making a back-cross to

Pi (instead of inbreeding Fi’s), because the numerical
results obtained by back-crossing furnish, for a smaller
number of individuals, more significant data. For exam-
ple, if a taU pea with colored flowers is crossed to a
short pea with white flowers, and the Fi individuals

{SsWw) are back-crossed to short white peas {sw), the

expected ratio will be 1:1: 1:1, because the four kinds

of gametes in Fi (/STF, Sw, sW, sw) will then reveal

themselves in the offspring, since the double recessive

individual {sw) used for back-crossing (having only

recessive gametes) will not “cover up” any of the factors

coming from the Fi hybrid. For instance, as shown
in our type example, the Fi gametes are SW, Sw,

sW, sw. The only kind of gamete produced by the

double recessive, short white, is sw. "When this meets

each of the above gametes only four kinds of combina-

tions are possible, vie., SWsw, Swsw, sWsw, sivsw; and

these zygotes, containing only the same dominants as the

Fi gametes, will reveal what the kinds of gametes were.

In practice an approximation to a 1 : 1 : 1 : 1 ratio is much
more likely to be evident than an approximation to a

9 : 3

:

3 :

1

in which only one double recessive individual out
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of 16 individuals is expected. Whenever possible, there-

fore, the back-cross experiment is preferable to the

mbred cross.

In animals and in plants with separate sexes it has

been found that both males and F^ females give when
back-crossed, identically the same results, showing that

free assortment takes place in both sexes.

Fiq. 30.—Miniature wing, o; and dumpy, h; and minature dumpy, c.

There is a corollary to the cross involving two pairs

of factors that is interesting, because it gives an explana-
tion of the phenomena of atavism. The wild vinegar fly,

DrosopMa melmogaster (Pig. 4), has long wings. It

gave rise, through mutation, to a race with miniature
(mw) wings (Fig. 30, a), and also to another race with
short wings (Pig. 30, 6) called “dtimpy” (dd). If a
female miniature (mmDD) is crossed to a dumpy male
{MMdd), all the offspring (MmDd) have long wings like
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those of the wild fly. The' miniature fly carries the domi-
nant {BD) wild-type allelomorph of the dunapy gene, and
the dumpy carries the domiaant {MM) wild-type allelo-

morph of the miniature gene. Since the hybrid contains

the two wild-type genes {DM) it “reverts" to the long-

winged fly. The proof that two pairs of factors are in-

volved is found by inbreeding an Ft male and female,

which give 9 long, 3 miniature, 3 dumpy, and 1 miniature

dumpy (Fig. 30, c) fly.

There are certain modifications of the. two-pair ratio

that arise sometimes when different factors produce a like

effect on the same organ. Such cases have sometimes been

treated as special cases, and rather peculiar interpreta-

tions given to them on the basis that the situation is

unusual. In reality they are only interesting cases of

Mendelian behavior, the results obscured to some degree

by superficial character relations. The absence of

color, albinism, is, perhaps, the most familiar example

of this sort. There are certain recessive factors

that when homozygous interfere in some unknown way
with the development of color. Albinos of the ordinary

house mouse are white because they are homozygous for

the albino factor, although they may be pure for all other

factors that are essential for color. If a certain kind of

albino mouse is crossed to a pure black mouse the off-

spring will be gray because black (&&), being recessive to

its wild-type allelomorph {BB), brought in by the albino,

disappears; and white {ww) being recessive to its wild

type allelomorph for color {WW), brought in by the

black, also disappears, so that the color of the resulting

animal, gray, is due to the hybrid having recovered all

the factors that give this color. The two factor-pairs

involved are black (b) and its normal allelomorph {B=
gray), and white (w) and its normal allelomorph

(W=color). The F^ results, put into the recombination

square, are as fO'llows

:
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Eggs
'

BW Bto bW hw

Sperm

BW

Bw

bW

bw

BW Bw bW bw
BW BW BW BW
gray gray gray gray

BW Bw bW bw
Bw Bw Bw Bw
gray white gray white

BW Bw bW bw
bW bW bW hW
gray gray black black

BW Bw bW bw
bw bw bw bw
gray white black white

The resulting ratio is 9 grays, 3 blacks, and 4 whites. The
last two terms of the 9 ; 3 : 3 :

1

ratio are here united in one
class (4 whites) because when homozygous for absence of
color Ihe individual is white, regardless as to whether
the other cQlor-producing factors make for the wild type
of coloration or for some mutant color.

Another interesting two^-pair case involves varieties
of the combs of domesticated breeds of fowls. There is a
dominant type called “Eose” (Fig. 31, c), which, bred to
smgle (wild type. Fig. 31, a), gives Eose in and 3 Eose
to 1 Single in Another dominant type called “Pea”
(Fig 31, 1) likewise gives Pea in and 3 Peas to 1 Single
Comb in Fj. But when Eose is bred to Pea there is not
produced the wild type, as one might have anticipated, but
a comb called “Walnut” (Fig. 31, d), that differs from
both parental types. The character is due to the corn-
toed action of both dominants. If two F^ birds withWtout combs are bred to each other they give 9 Walnut,
3 Pea, 3 Eose, 1 Smgle comb. This ratio shows that two
factors are mvolved, and that the Walnut comb appearsm an tods ca^ng both the Eose and the Pea genes.
Ine bingle comb is the double recessive form.
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If the single comb be supposed to be the wild type,

then Pea and Bose represent dominant mutant types.

Neither produces any single comb, if the races are h.omo-

zygous for Pea or for Bose respectively, but when crossed,

the Pea comb brings in the normal recessive aUelemorph
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of Eose, and the Eose comb the normal recessive allelo-

morph of Pea : but the result is not an atavistic normal

comb, but a Walnut produced by the action of both domi-

nants that are here the mutant diaracters.

An important class of factors that are known as

diluters or intensifiers are often met with in genetic

work. For instance, a black mouse pure for a certain

“diluting’’ factor has a “blue” color (just as a black

mouse pure for albino factors is white). Such a blue

mouse crossed to black gives Fi black mice, and in

three blacks to one blue. A two-factor cross results when
a blue mouse is bred to a “ chocolate ’

’ (=black cinnamon)

mouse. The will be black; the will be 9 black, 3 blue,

8. chocolate, 1 “silver-fawn” (dilute black cinnamon).

In this ease, the same factor that changes black to blue also

changes chocolate to silver-fawn. If the diluter had
been a specific one affecting black only, then F^ from the

above cross would have been 9 black, 3 blue, 4 chocolate.

Such a ease is found in the vinegar fiy, in which the diluter

affects only a recessive factor—eosin. This specific

diluter for eosin is called ‘
‘ whiting. ’

’ It gives the follow-

ing results : A red-eyed female homozygous for whiting
is indistinguishable from the ordinary wild type. If a
female of this kind is crossed to an eosin male the off-

spring (Fi) are red eyed. If they are inbred they give 12
red-eyed flies, 3 eosin, 1 eosin-whiting which is colorless.

Another modification of the 9 : 3 : 3 : 1 ratio appears
when the last three classes are superficially alike. For ex-

ample, Bateson and Punnett crossed two white flowering

varieties of sweet peas. The F, had purple flowers, which,

inbred, gave 9 purple and 7 whites. Here there are two
different recessive factors which in homozygous condition

give white, ww and aa; each has a normal dominant allelo-

morph in the other white, AA and WW. The two white
parents axe then wioAA and aaWW, The Fj individuals
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are WwAa, and the four gametes are WA, Wa, wA, wa.
The table below gives the sixteen recombinations
of these gametes;

Eggs WA Wa wA wa

Sperm
WA

WA
WA

purple

Wa
WA

purple

wA
WA

purple

wa
WA

purple

Wa
WA
Wa

purple

Wa
Wa
white

wA
Wa

purple

wa
Wa
white

wA
WA
wA

purple

Wa
wA
purple

wA
wA
white

wa
wA
white

wa
WA
wa

purple

Wa
wa
white

wA
wa

j

white

wa
wa
white

Any individual that has both recessives ww or aa is white.

There are 7 such classes to 9 that carry both A and W.
Lastly, a 15 :1 modification of the 9 :3 :3 :1 ratio is obtained

when an individual homo2ygous for both pairs of recessive

genes gives a different result from any other combina-
tion. Thus, Shull found when Bursa pastoris, with trian-

gular capsules, is crossed to one with round capsules, the

latter appears in F2 only once in 16 times.

Assobtmbnt or Thbeb Faotoes

When three independent factor-pairs are present the

numerical expectation can be directly derived from the

9 : 3 : 3 :

1

ratio in the same way that the latter was derived

from the 3 : 1 ratio. Thus

:

3 1 One pair of factors.

9 3 3 1 Two pairs of factors.

27:9 9:3 9:3 3:1 Three pairs of factors.
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Each Fz class of the two-factor ease (9 : 3 : 3 : 1) will con-

tain a three-to-one ratio for the third factor-pair. Thns,

in the 9 class there will be 3 dominants of the third factor

to one recessive (27:9). So for each 3 class; each con-

tains the third factor in the ratio of 3:1. So also for

the 1 class. The total result therefore is

:

27:9:9:9:3:3:3:1

In actual' practice the three-factor cases are almost
never used. Other methods are employed to detect the

factors present, so that these three-factor ratios have a
theoretical rather than a practical value. In cases where
multiple factors are suspected, some of them may he only

modifiers of some one of the other more conspicuous char-

acters and in such eases special methods of procedure will

recommend themselves.



CHAPTER V

THE MECHANISM OF ASSOETMENT

Each pair- of chromosomes, j-ust before the reduction

division, consists of a maternal and a paternal member.
As the members of each pair are in nearly all cases identi-

cal in appearance, it is not possible to teU how they place

themselves on the mitotic spindle with respect to their

parental origin
;
that is, it is not possible to tell by inspec-

tion whether at the maturation division all those of mater-

nal origin pass to one pole of the spindle, and all those of

paternal origin to the other, or whether the pairs come to

lie haphazard on the spindle, so that it is merely a matter

of chance whether a maternal or a paternal member passes

to a particular pole. For the utilization of the chromo-
somal mechanism for the theory of assortment, it is a
matter of great importance which of the preceding alter-

natives is followed, for if all of the maternal chromosomes
should go to one pole, and all the paternal to the other,

there would be no free assortment of the chromosomes,
and no free assortment of the genes if these are carried by
the chromosomes. Without random assortment there

could only be two kinds of gametes produced by the

hybrid, hence only three types possible in F^, vis., the two
grandparental types and the hybrid type.

On the other hand, if the assortment of chromosomes
is a random one, then the reduction division furnishes the
mechanism that Mendel’s law calls for in so far as tho
character-pairs lie in ditferent chromosome pairs.

There is not a single cytological fact opposed to the
view of free assortment of maternal and paternal chromo-
somes; on the contrary, there is a general expectation
that the chromosomes should assort freely; and what is

more to the point, there are a few crucial cases that show
that free assortment takes place. Let us turn to these

73
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eases. The most convincing evidence is that furnished
by Miss Carothera (1913) from some grasshoppers of the
genns Bmclvystola. Here, in addition to the single sex-

chromosome (in tlie male), that goes to one pole of the
first maturation spindle, there is also present another pair
of chromosomes that are unequal. In some cells the
smaller member of the pair goes to the same pole as the
sex-chromosome, in other cells it goes to the opposite
pole. The assortment of the unequal pair as regards the
sex-chromosome is tlierefore a random one. Thus, in

three hundred first spermatocytes, the smaller partner
went to the same pole as the sex-chromosome in 48.7 per
cent, of oases, and into the cell without the sex-chromo-
some in 51.3 per cent. Voinov ('14), Wenrich (’14) and
Robertson ( ’15) have repo-rted similar oases.

Other evidence of a different kind has more recently

(’17) been described by Miss Carothers. The evidence

rests on the constancy of attachment of the fibres of the

mitotic figure to a definite point of the chromosome, as

seen when the chromosomes are moving towards the poles

of the spindle. In one of the cases she describes there

are two kinds of attachments, viz., terminal, when the fibre

is attached at the end of the rod-shaped chromosome, and
suhterminal when the fibre is attached some distance from
the end. In the latter case the end bends over, making
the chromosome J-shaped. There are certain individuals

in which one member of a pair of chromosomes may have
a terminally attached fibre, and its mate have a subter-

minally attached fibre. Throughout all the cell-divisions

of such an individual these two chromosomes show this

difference. During maturation, i.e., after conjugation of

the chromosomes, one member of this pair passes to the

pole of the spindle with a terminal attachment, and its

mate with a suhterminal to the other pole. In the male, the

single sex-chromosome passes to one or to the other pole

at one spermatocyte division. Its relation to the two
members of the pair of chromosomes in question will show
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whether random assortment or correlated movement takes

place. Observation shows that sometimes one, sometimes
the other, member of the pair goes to the same pole as the

sex-chromosomes.
It happens that in a species studied by Miss Carothers

[Trimerotrofis suffusa) there are several chromosomes
that may show constantly terminal or subterminal attach-

ment of the fibres
;
as many as seven out of the twelve

chromosomes of the first spermatocyte division may con-

sistently show this difference. In other words, any one of

these seven chromosomes may have one or the other kmd
of attachment. Each grasshopper may have any one
of ten of its pairs showing combinations of these kinds of

attachment, but of course in any one individual only two
possible arrangements exist for a given pair of chromo-
somes. It is to be remembered that for a given combina-
tion all the cells of an individual are exactly alike, which
incidentally is a strong argument in favor of the individ-

uality of the chromosomes. An example will give further

details. In Fig. 32 are shown eight groups of chromo-
somes ( b, c, d, e, f, g, h, j) from the same individual. Each
group of 12 chromosomes comes from a single cell about

horizontal line. The dividing chromosome is a tetrad, one

of whose halves is about to separate. It is significant to

to divide. Each series of 12 is here arranged in a single

note that in this case the separating halves represent the

two conjugating members of each pair
;
in other words,

the redtiction division is taking place. In this individual,

four of the tetrads (9-12) has subterminal attachment

only, i.e., for both members of the dividing pair (dyad)

;

four of the tetrads (Nos. 2, 3, 5 and 6) have terminal

attachments only, while the remaining three tetrads (Nos.

1, 7 and 8) have one end with a terminal attachment, and
the other subterminal. In addition there is the sex-

chromosome (No. 4) that is here going upwards tpward
the top of the figure, and will pass with the upper half

of each tetrad into an imaginary cell above (the female-
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producing sperm). Tlie first douWe chromosome (No. 1)

has a different mode of fibre attachment to each half,

but the halves are hei'e not different in size. In

five oases the chromosome \rith terminal attachment is

going to the cell that will get the sex-chromosome (the

upper one here)
,
while in three cases it goes to ttie pole

that will not get the sex-chromosome. Chromosomes 7

and 8 are sUghtly dijRferent in size, but ttiis is not distin-

guishable in these figures. In the first four cells (w.,
h, c, d, e) the halves of 7 and 8 with subterminal attach-

ments are going to opposite poles
;
in the remaining four

cells (/, g, h, i) they are going to the same pole. Again, if

we compare Nos. 7 and 8 with No. 1 it is found that in four

ceUs if, g, K i) the half with terminal attachment passes

into the cell with the same attachment (/ and t) (for 7

and 8), and the other half into the cell with the other

attachment (g and h). In other words, the distribution

for four chromosomes pairs (1, 4, 7, 8) is here a random
assortment. Let A, B, G represent the chromosomes with

one Mnd of attachment, and a, h,- c their mates with the

other kind of attachment. D is the sex-chromosome and

d its absence. There will then be sixteen possible assort-

ments of these four, all equally probable. Thus:

ABCD aBGD abCD ahoD abed
AbGD AboD abCd
ABcD ABcd’ aBcd
ABGd aBcD Abed

aBGd
AbGd

There were 100 spermatocytes recorded by Miss Carothers

as to the distribution of their chromosomes to the two

poles, giving data for 200 cells. Their distribution as

well as the expectation for free assortment is as follows

:

(sn
, Expected Kealieed

Only one chromosome with sub-torminal attachment. ^ X 200—60 48

Any two chromosomes with sub-terminal attachment. H X 200 «75 84

Any three chromosomes with sub-terminal attachment. % X 200 —50 48
Any four chromosomes with sub-terminal attachment.^ X 200 =12

8
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12 II 10 9 8 7 6 6 4 3 2 1

<*I*f4'-*'*‘**^

r

Fia. 32,—-Eight flhromosomo groups of twelve chromosomes each of Trimerotrapin* (Afit«r
Clnrothera,)
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For a count of only 100 cells the agreement -with expecta-

tion is sufficiently close to show that independent assort-

ment takes place.

In addition to the differences of attachment just exam-
ined there are other differences that Miss Oarothers has

studied. A constriction is found in certain chromosomes
in some individuals (Fig. 32, No. 5) that is absent

in other individuals. In some individuals the tetrad is

separating so that the group looks like four beads in a line.

In other eases one member of the pair is not constricted,

while its mate is constricted. Similarly for another

chromosome. In one individual both halves of the dyad
show a constriction, while another individual has one

smoioth and one constricted half. These same two kinds

of chromosomes also have in some cases terminal attach-

ment, and in other cases subtenninal, making possible

further combinations that can be identified.

Finally, there are two types of subterminal attach-

ment in two chromosomes of the series. In one type the

chromosome is bent further-from the end than in the other.

Either of these two types may have a mate of the other

type with terminal attachment, thus giving several fur-

ther identifiable combinations. “All possible oombma-
tions of the dyads in these two types of heteromorphic
tetrads . occur and segregate [assort] freely in relation

to sex.” Miss Oarothers points out that when three types

of the same chromosome exist ‘ ‘we have a visible mechan-
ism whose behavior in the maturation divisions corre-

sponds to the segregation of triple allelomorphs.”

In addition to the 12 ordinary chromosomes certain

individuals may have a small thirteenth or even a four-

teenth chromosome. These are called supernumeraries.

In Circofettix they were foxmd present in two of eleven

individuals examined. If present, it, or they, are constant

for all cells except that at the reduction division there may
be a new distribution. If one is present it may go to

either pole with reference to the sex-chromosome, and at
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the second spermatocyte division it divides as do the others

at this time in the cell that contains it. If two are present

they do not behave as mates, but at the first spermatocyte

division may both go to the same pole (which may be
either pole in reference to the sex-dhromosome), or they

may go to opposite poles. At the second spermatocyte

division each divides independently, and halves go to

opposite poles. These bodies then also move to either

pole without respect to other chromosomes—or at least

without respect to the sex-chromosomes
;
but this behavior

can scarcely be used to advantage for the question of

assortment because these chromosomes have no mates (in

the cases so far described) and are so inconstant in their

occurrence that an appeal to their behavior as bearing

on the other chromosomes might not be conceded. If they

are pieces of other chromosomes (the bent ends, for exam-

ple) that have been broken off, we might expect them to

show some relation during synapsis to the original

chromosome from which they came, but as yet nothing

of the sort has been described. If they carry factors that

influence the characters of the individual, their presence,

especially when two occur, would give rise to unexpected

genetic results.

The evidence furnished by cytology that has just been

given makes clear that whenever an opportunity has been

found to study the mode of assortment of the chromosomes

the result shows random distribution. If then the chromo-

somes carry the genes for the hereditary characters, we
should expect that the genes in different chromosome pairs

will “assort” independently, and this, in fact, is what

Mendel’s second law postulates.



CHAPTER VI

LINKAG-B

I
Mendel’s results involving two or more pairs of char-

I

aoters led to the conclusion that distribution of the mem-

I
bers of one pair of genes is independent of the distribution

I

of the members of other pairs. This process may be

I

called free or independent assortment, and is what is

I
expected if each pair of genes is carried by a different

i

pair of chromosomes. If this rule held for all pairs of

characters then there could be no more pairs that assorted

independently than there were pairs of homologous
chromosomes. On the other hand, if the chromosomes
carry the genes we should anticipate from what we have

I found out concerning the individuality of the chromo-

^
some, and from what we know concerning the large

j
number of inherited characters, that many of these fao-

5 tors must be carried in the same chromosome. If this

^
is. true, then Mendel’s second law can have Only a very
limited application.

As our information about the mode of inheritance of

characters has widened, the number of cases in which free

assortment does not occur has steadily increased. Many
characters have been found to keep together in successive

generations. This tendency to keep together rather than
to assort freely is called linlsage. The most extreme cases

are those where characters hold together completely;

i \ at the other extreme are those that show only a slightly

\ greater probability of holding together than of assorting

^

Vreely. Between these extremes aU intermediate degrees

I

\f linkage are found. For the sake of simplicity, cases of

I

ctoplete linkage will be dealt with in this chapter; the

; othws will be taken up in the next chapter.

I
jSLa fly {Drosophila) with two recessive mutant charac-
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ters, black body color and vestigial -wings (Fig. 38), is

mated tO' a fly with -wild-type body color and long wings,
the offspring (Fi) are wild type. If one of the Fx sons
is back-crossed to a black vestigial female from stock,

Fia. 33.—Baok-oross of male (out of black vestigial by wild), to blnolc vestigial.

the offspring (Fj) are of two kinds only, half are black
vestigial, and the other half are wild type. In other
words, the two mntant characters that went in together,
black and vestigial, have come out together

;
and their two

6
.
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normal aUelomorphic cliaracters, wild-type body color and
long wings, have also come out together. There are no Fg
flies that are black and long, and none that are vestigial

and gray, as would be the case if independent assortment
took place.

In the diagram (Fig. 33) the results are worked out on
the chromosome theory. The genes for black (&) and for

vestigial {v) are represented as carried by the same
chromosome {hv ) ;

the homologous chromosome of the

wild-type fly carries the normal allelomorphic genes (BF).
In Fi, one of each of these two chromosomes is present,

and the fly is normal because the two normal allelomorphs
are dominant. In the Fi male these two chromosomes
{hv and BV) separate at the reduction division of the

germ-cells, one going to each gamete. If this F^ male is

mated to a black vestigial female, all of whose eggs carry
genes for black and for vestigial, the ojBfspring should
reveal the composition of the gametes of the male, since

the eggs of the black vestigial fly, containing only two
recessive factors, will not cover up the effects of the fac-

tors contained in the gametes of the Fj male.
Unless we knew that the two characters black and

vestigial are distinct mutant characters, the preceding
experiment would not necessarily show that the char-
acters are linked, because the same result would have
followed if black and vestigial were both due to the effect

of a single gene. Other experiments, however, show that
they are independent characters.

It is interesting to compare the preceding cross with
another in which black comes in from one parent, and ves-
tigial from the other. For instance, if a black fly with
long wings is crossed to a wild-type fly with vestigial wings
(Fig. 34), the F^ offspring will be wild type both in their
color and in their wings, because the black fly brings in
the normal allelomorph of vestigial, and the vestigial fly

brings in the normal allelomorph of black. If the F,
sons are back-crossed to black vestigial females, the off-
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spring are of two kinds only, namely, black long, and wild-

type color vestigial. The combinations that went into

the cross together have come ont together. The diagram,

Fia. 34.—Back-cross of Fi male (out of gray vestigial by black) to black vcflHgifll.

based on the chromosomes, shows that the genetic results,

as before, follow the chromosome behavior, provided there

has been no interchange of genes in the male.

For the sake of simplicity only two linked factors were
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utilized in the preceding oases. Three, four, five, or,

theoretically, any number of characters may show this

relation to each other. Thus there is a stock of Droso-
phila with five linked mutant characters, namely, black,

purple, curved, plexus, speck. In a back-cross, like the
one above, all the mutant characters, if they went in

together, will come out together in half of the second
generation (back-cross) flies, and their wild type allelo-

morphic characters in the other half.

There is another way in which linkage may be very
simply illustrated. There are certain characters, called

?

Fig. 36.—Sohorao showing the inheritance of the sox-chroniosonio in Drosophila.

sex-linked characters, because their factors follow the sex-

chromosomes, or may be said to be carried by them or to

be in them. Now in Drosophila, the female has two X-
chromosomes (Pig. 35), the male oneX (and a T). After
reduction the eggs have each one X chromosome. Any
such egg fertilized by a Y-bearing sperm will produce a

male (XY), as shown in the scheme below. The single X-
chromosome that this male gets is therefore from his

mother. If her X-ohromosome carried sex-linked factors,

these should be present in the son. Suoh,in fact,is the case.

For example, a female Drosophila with yellow wings and
white eyes mated to a wild-type male wiU produce wild-

type females, and yellow white-eyed sons (like the
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mother) . Here the son gets his sex-linked characters from
his mother, since his onlyX is derived from her. Experi-

ments have shown that this holds for any nnmber O'f

sex-linked characters that are present in the naother.*

Linkage has been demonstrated in a number of animals

and plants. The first case discovered was in sweet peas.

Bateson and Punnett (1905) found that when purple

flowers and long pollen grains went in from one parent,

and red flowers and round pollen went in from the other

parent, they tended to come out together more frequently

than would be expected on the two-factor ratio, 9:3:3:!.

In the case of these sweet peas the linkage is not com-

plete, apparently not in either sex. At present two dif-

ferent linkage groups are known in sweet peas, one made
up of three linked charaeters, and the other of three, pos-

sibly four. In the edible or garden pea there are two

linked characters, and two that are doubtful (Bateson

and Vilmorin, White) . Mendel did not happen to make
any combinations of linked characters in this form, hence

he got free assortment. In the primrose (P. smen-

sis) there is a group o^f five linked characters (Gregory,

Altenburg)
;
in the snapdragon a group of five (Baur)

;

in stocks a group of three or four (Saunders). In the

groundsel {Senedo vulgaris) there are two linked charac-

ters known; other cases occur in corn (Lindstrom),

tomatoes (Jones), wheat (Engledow), oats (Surface),

oenothera (DeVries, Muller) . In animals the largest num-

ber of linked characters is found in the vinegar fly. Droso-

phila melanogaster, in which there are four groups—^a

sex-linked group containing about 100 characters, a second

group containing 75 characters, and a third group contain-

ing about 60 characters, and a fourth group of two charac-

ters. In other species of Drosophila, linked characters

(other than sex-linked) are beginning to be reported as

more characters are studied (Metz in D. virilAs, Warren

*A reservatiou far crossing over in a heterozygous mother must be

added to this statement.
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in D. husckii, Sturtevant in JD. repleta). Nabonrs has
found a case in one of the grouse locusts, and Castle and
'Wright in rats. In the silk-worm moth, Tanaka has found
one group of linked charaotei'S. In poultry Goodale has
found one case. In the moths and poultry it appears
that linkage is complete in the female, incomplete in the

male. In this respect the situation is the reverse of

that in Drosophila. There are some other oases where
linkage is suspected but uncertain.

The fact that relatively so few oases of linkage have
been as yet reported is due in part to the fact that in

most species the heredity of only a very few charac-

ters is generally known. Where more are known each

has as a rule not been examined in relation to aU the

others, so that even if some of the factors were linked it

would not have been found out. Furthermore, in Mendel-

ian crosses, the practice of mating F-^'s instead of back-

crossing, tends to conceal the linkage phenomena if pres-

ent. The fact of greatest significance, however, is that

the number of cases of linkage is steadily increasing as

the inheritance of more characters in each species is

becoming known.
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CHAPTER VII

CEOSSINa OVEE

The correlative aspect of linkage is crossing over, and
inasmuch, as it involves a change in the mechanism that

gives linkage, it is entitled to rank as one of the funda-
mental principles of heredity.

In the illustration of complete linkage given in the

preceding chapter, the cases chosen were ones in which
entire chains of genes remained intact during the reduc-
tion divisions. The male of Drosophila exhibits this phe-
nomenon, as does also the female of the silk-worm moth.
On the other hand, there is an interchange of blocks of

genes between homologous pairs of chromosomes in other
cases, as in the females of Drosophila, in the males of

moths and fowls, and in both egg-cells and sperm-cells

of the plant Primula.^ This interchange is called crossing
over, and the evidence shows that it is not haphazard, but
gives numerical results of extraordinary constancy. A
few examples will suflSce to illustrate crossing over.

When a black fly with vestigial wings is crossed to

a wild-type (“gray”) fly with long wings (Pig. 33) the

offspring are, as we have already seen, “gray,” long.

If one of the Fj females is baek-crossod to a black ves-
tigial male there are four kinds of offspring produced, viz.,

the two original combinations, black vestigial, and gray
long; and in addition two recombinations of these, viz.,

black long, and gray vestigial. The two latter classes arc
called the crossover classes, or more briefly, crossovers.
The percentage of crossovers is definite for a given stock,

‘Crossing over in iiotli sexes in the rat lias been, reported by Castle
and Wright, and in the male and female grasshopper by Nabours.

87
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of a given age and under given environmental conditions.

In tliis case the percentages are as follows

:

Non-crossovers Crossovers
Black vestigial Gray long Black long Gray vestigial

41.5 per cent 41.5 per cent 8.6 per cent 8.6 per cen^

83 per cent 17 per cent

If a pair of chromosomes in the Fj fly is represented as

carrying the genes of the characters, here involved, one

member of such a pair carries both a gene for black and

a gene for vestigial (Fig. 36) ;
the homologous member

of ihe pair of chromosomes carries both of the normal
allelomorphs, viz., a gene for gray and a gene for long

wings. When crossing over takes place so *that a gene

for black goes over into the other chromosome, ihe con-

verse phenomenon takes place, a gene for gray goes over

into the chromosome that gave np its black gene. It is the

constancy of this interchange that makes the phenomenon
reducible to exact mechanical treatment.

The interchange is independent of the way in which the

genes enter the cross. For example, if a black long-

winged fly is crossed to a gray vestigial fly (Fig. 37), the

Fi offspring will be, as before, gray long. If an
female (gray long) is back-crossed to a black vestigial

male, there will be four kinds of offspring, namely, the two
original combinations black long, and gray vestigial;

and the two crossover combinations, black vestigial, and
gray long, in the following proportions

;

Non-crossovers Crossovers
Black long Gray vestigial Black vestigial Gray long

41.5 per cent 41.6 per cent. 8.6 per cent 8.5 per cent

83 per cent 17 jjer cent

The interchange in the last eases is in the reverse order

of that in the first case, but it is numerically identical.

In other words, it makes no difference whether the gene

for black and for vestigial tenter the cross together, ie.,



Fia, 36.—Bank-oroBB of Fi fomalo (out of black vestigial by wild) to black vestigial male.

in the same chromosome, or whether they enter the cross

in opposite chromosomes—^their likelihood of interchange

is exactly the same. If the Fi male had been hack-crossed

(Fig. 34) only two kinds of offspring would have been



n'lo. 37.—BackxoroBs of Fa female (out of gray vestigial by black) to black yestigial male.

produced because, as was shown, there is no crossing

over in the male.

It should he pointed out here, that the interchange (or
crossing over) can of course only be recorded when two
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or more pairs are involved, for, obviously, unless a char-

acter that enters the cross comes in with some other known
one that is recognizable as such, there is no way of de-

termining whether interchange between the homologous
chromosomes has taken plane. As will be pointed out

later, there is every reason to suppose, and practically

a demonstration of the fact, that the interchange goes on
irrespective of the presence of other genes by which it

can be observed.

Experiments with different pairs of characters show
that for each two pairs there is a definite numerical ratio.

For instance, if a female fly with yellow wings and white

eyes is crossed to a fly with gray wings and red eyes

(wild type) the daughters will have gray wings and
red eyes (wild type). If the Fi female is back-crossed to

a male with yellow wings and white eyes, four classes of

offspring will be produced in the following proportions

:

Non-crossovers Crossovers
Yellow white Gray red Yellow red Gray white
49.6 per cent 49.6 per cent 0.5 per cent 0.6 per cent
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IB back-crossed to a white miniature male the four classes
of offspring appear in the following proportions:

Tin * .

Non-crossovers Crossovers
vVhito miniature Itcd long White long Red miniature

33.5 per cent 16.5 per cent 16,6 per cent

07 per cent 33 per cent

Here crossing over takes place in 33 out of 100 flies,

whereas in the former crosses between white eyes and
another mutant character (yellow) crossing over took •

place only once in a hundred times. Based on these

numerically different ratios of crossing over, and on other
related phenomena, a theory of crossing over has been
formulated that will he discussed later. POr the present
we are concerned only with the data.

When more than two pairs of characters are involved

new phenomena of crossing over make themselves evident.

Some of these are more related to principles that are dis-

cussed in later chapters, but a few results may he pointed

out here. "When, for example, three pairs are involved,

two may cross over, while the third does not. A female

with white eye color, miniature wings, and forked bristles

crossed to a wild-type male gives wild type in F^. An
Px daughter back-crossed to a white miniature forked male
will give, in the next generation, not only the two original

combinations but recombinations also. As we have seen,

33 per cent, of all the offspring will be crossovers between

white and miniature; there will also be 20 per cent, of

crossing over between miniature and forked. In other

words, there will be both red miniature and white long

flies, and there will also he crossovers between white and

miniatui^e, i.e., miniature wings straight spines, and long

wings forked spiiies. It follows that there noay also he

cases in which crossing over has taken place between both

of the above combinations at the same time (Pig. 38),

that is, there wiU be some flies that are white long-winged

and forked and others that are red miniature and straight
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spines. A list of these classes mth the expectation based
on the results from a single experiment is given below.

Non-crossover Single crossover

( w mf 23.2 iwM J^13.2

1 W If f 23.2 \w mf 13.2

in 2nd
I

region
| 0.7

Inasmuch as this subject and certain peculiarities in

the results can be better understood after the evidence for

Double crossover

in both j
^ 3.3

regions
\ ^ ^

Fki.US.—Schnmti to illuHt.rato (huiblo oroHHinR over between white and forked. The gone
for niiulal-ure Btanding between furniBhcH the evidence.

the linear order of the genes has been discussed, I shall

not press further the discussion here. It should be pointed

out, however, that the question of crossing over involves

more than the independent action of the pairs in the oases

so far considered; for, as will be shown later, when cross-

ing over takes place not single genes but great groups of

genes are involved. This block effect, as it may be called.
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is not in evidence nnless a larger number of genes than

two is studied in the same experiment. These questions

will be discussed in Chapter IX.
For the purpose of clearer exposition I spoke of link-

age, in the preceding chapter, as though the term should

he limited to cases where all the genes of a group hold

together, and have used the term crossing over to mean

the breaking of the group in one or more pairs. As a

matter of fact, it is not desirable to emphasize this sharp

distinction. There is, however, a real distinction that lies

hohind the phenomena. In the male of Drosophila there

is no crossing over at all between homologous chromosome

groups, while in the female there is crossing over between

the pairs of chromosomes. The eases of the male and

female are, therefore, on a different footing here.

Wo speak of pairs of characters as being loosely linked,

meaning that crossing over of genes frequently takes

place, and as strongly linked when crossing over is very

infrequent. We have seen that yellow and white break

apart only once in 100 times. If characters (or the genes)

wore still more closely linked, they might break only once

in a thousand times, and if closer still once in many

thousand times, in wdiich case they would appear to he com-

pletely linked for all practical purposes. Such a grada-

tion, however, does not appear to he the case, hut the lower

limit of crossing over seems to be well within the rmge of

human capacity to detect. This means probably that

there is a limiting value for crossing over, and if this

can ho established it may give ns the lower limit of size

of the gene (in terms of chromosome length) ,
or at least

it may allow us to form some idea as to how many genes

arc present in the hereditary material.
, , ,

In this same connection it has been suggested that

when more than two allelomorphs occur, we may be deal-

ing only with close or even absolute hnkage. For instance,

suppose in a white-eyed race of flies a mutation sho^d

tak^place in a gene so closely tied up m some way to the
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gene for "white that the two never separated, and suppose

the new mutation affected the eye so that its effect could

be observed (for if not the change would not concern us).

The new mutation would behave towards white in tlie

same way as do all pairs of allelomorphs and yet iu a

sti'ict sense is not allelomorphic. It is not necessary to

elaborate here this idea, because fortunately in the case

of Drosophila there is strong evidence to show that multi-

ple allelomorphs do not arise in this way. The evidence

for this statement will be given in Chapter XVII.
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CEOSSING OVEE AND CHEOMOSOMES

There are several occasions in the maturation period

of the germ-cells when it would seem that there might be

an opportunity for an interchange between like chromo-
somes. Such an occasion might be found at the time

when the thin threads twist around each other; or it

might be found after fusion of the threads, or possibly

after a general breaking up of the chromosomes and
reunion of- the pieces. Unfortunately the cytological

evidence does not furnish explicit information as to the

stage at which interchange takes place.

It has also been suggested that crossing over may take

place at a still earlier stage in the germ-tract, i.e., long

before the time of maturation, even in the eaiiy embryo.

Eortunately, it has been possible to obtain critical genetic

evidence showing approximately the time when crossing

over takes place. This evidence was obtained by Plough in

his work on the influence of temperature on crossing over

in DrosopMLa melcmogaster.

The way in which Plough’s experiment was carried

outwas as follows : Females homozygous for three mutant
factors in the second chromosome, vIr., black, purple,

curved, were mated to wild-type flies. Some of these

females were kept in an incubator, some in an ice-box,

and some were kept at room temperature; under one

or the other of these conditions they laid their eggs

which hatched and produced larvae and pupae and flies. The
daughters were then mated to black, purple, curved males,

and remained under the same temperature conditions until

their offspring hatched. It was found that there was
more crossing over in the offspring of the pairs kept at a

high and at a low temperature than in those kept at room
96
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temperature. Later the crossing over values for inter-

mediate points was also obtained, and from these data
the curve shown in Pig, 56 was made.

At a low temperature (about 10° 0.) crossing over is

increased as compared with a somewhat higher tempera^
ture (18-27° C.). Room temperature (22° 0.)' lies in that

part of the curve where there is the least amount of cross-

ing over. The amount then rises suddenly until about 29°

and remains high till 31° C. is reached. The apparent
fall after this temperature, as shown by the curve, may
not be significant. The flies fail to lay eggs or may die

at about this point.

In the foregoing experiment the eggs, larvae and adult

flies had been kept continuously at the same temperatures.

If, however, the heterozygous virgin females reared at

high temperature are baok-crossed to the triple reoessive

males, and kept afterwards at normal temperature (22°

C.) it is found that only the first ten-day output of such

females shows the high crossing over values. The value

drops during the following ten days. If a correction

is made for a change in the crossing-over value due
to age—since age, as Bridges has shown, causes a lower-

ing ill the value—still the effect of the early period is

found to have begun to disappear after ten days, and
soon completely disappears.

In still another way the influence of temperature may
be shown. Heterozygous females that had lived at nor-

mal temperatures are mated to triple recessive males, and
then exposed for the first seven days to 31.5° C. At first

the normal crossover values are found, as seen on com-
paring Fig. 40 with Fig. 39 which is the control. The
latter drops slightly from the second to the eleventh day.

About the eighth day the heat effects begin to show (Fig.

40), and there is a sudden and considerable rise in the

curve, that lasts for ten days, when it drops back to normal,

corresponding with the removal of the flies from the high

to normal temperature, i.e., after the seven-day exposure.

7
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From data of this kind it is possible to locate the stap
in the development of the egg when the heat is affecting it.

If, for instance, we Imow how long after subjecting a

Fici. 40.—Curve showing the influence of temperature on crossing over. (After Plougii.)

female to a high temperature, the effect of heat on crossing

over begins to be observed in her offspring, and also how
many eggs are laid by the female before this influence

is manifest, we can teU approximately in what stage® heat



stages are not influenced. It follows that the initial effect

appears at about the time of conjugation of the chromo-
somes, but whether the crossing over occurs at this critical

stage or some effect only is then produced that later

affects the crossing over is not specifically shown. Never-
theless, I am inclined to think it more probable that the
crossing over is actually changed at the time the heat acts

(rather than afterwards), because in general most reac-

tions of living things to environmental influence take place
immediately rather than after a long interval. However
this may be, the fact of prime importance in this work
is that earlier than the period of conjugation of the

chromosomes crossing over does not take place.

Expressed in numbers of eggs, the results show that in

a just-hatched virgin female there are from 125 to 175

eggs that will be laid before the effects of heat are show.
,
In the females that have just hatched about 150 eggs are

present that have passed beyond the conjugation period.

This number (150) agrees with the estimated number of

eggs (125-175) first laid that are not affected, and estab-

lishes the conclusion that after conjugation of the chromo-
somes crossing over cannot be influenced any more than

it could before that period. The results clearly establish,

then, that crossing over cannot be affected earlier than the

conjugation, but can be affected at the time when the

conjugation is known to occur.

As already pointed out, the chromosomes become
drawn out into long threads at the synaptic period, and

in many animals and plants these threads have been shown
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to place themselves at this time in pairs. The double
threads shorten later to take on the form of the ordinary
chromosome. How the earlier, long thin thread (lepto-
tene thread) is changed into a thick thread when the
chromosomes condense is not known. According to sev-
eral accounts the thread coils spirally within the wall of
the ‘

‘ chromosome, ’ ’ at first in a loose coil, then in a tightly
twisted coil. This idea of a coiled thread, or core, in a
condensed chromosome is one that fits in very well with
the id.ea that the thin thread represents the essential ele-

ment in the chromosome that retains its original continuity
even when the chromosome is condensed into a short rod
or even into a ball. Unfortunately the evidence in favor
of this view is by no means well established.

At the time when the thre’ads conjugate, the evidence
in several forms, such as Batracoceps, Tomopteris, etc.,

shows that when the conjugating pairs are U-shaped, the
unionhe^s apparently at both ends of the U at the same
time. "When the chromosomes are rod-shaped (in the last

telophase) the evidence fails to show whether the union
begins at both ends simultaneously or at one end only.

As the union between the threads progresses the parts
not yet united can often be seen to be twisted about each
other. Theynot only overlap, hut they seem to be wrapped
around each other.

Whether the threads are split lengthwise before their

union can not be stated for all cases. It is certain that

no splitting has been seen in several animals, but in one
case (Ascaris) the threads have been found to be split

lengthwise before they conjugate.

For a short time following the union of the threads
they come in close contact with each other, and give the

impression of having fused into a single thread. Usually
before the nuclear wall breaks down to release the thick

threads, a split can be seen again extending throughout
the length of the threads. Not infrequently another

longitudinal split appears in each half resulting from the
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first split, so that four parallel strands appear. It is

customary to call the split, that is supposed to correspond

to the line of union of the maternal and paternal chromo-

some, the primary split or reductional split, and the split

that corresponds to the longitudinal division within the

Fia 41.—DiaKraru ahowinfi; ftrosBinK over of two ohroinosoinea at tlio four-etrand stage,

tt, b, and the subsequent opening out of the tetrad, d,

maternal or the paternal chromosomes, the secondary or

equational split. Only in very special cases is it possible

to he able to say which is the primary and which is the

secondary split. In fact, whenever crossing over takes

place in the four-strand stage this distinction fails to

have much meaning.
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There are certain, questions connected with crossing

over that are illustrated by the following models (Figs.

41, 42, 43) . In these models of tetrads the dotted rod, split

lengthwise, stands for a maternal chromosome, and each

of its halves may be called a strand. The split in the rod
is the secondary (or equational) split. The black rod,

also split lengthwise, stands for the paternal chromosome.

In Fig. 41, a, the two split rods are represented as

twisted about each other. If the two inner strands break

and the cords interchange at the levels, where they first

come into contact with each other (Fig, 41, fe), and then

a

Fio. 42.—Sobeme showing the opening out of the strands of the tetrad, a, in two planes,

6, according to Robertson and Wonrich.

later the four strands come to lie side by side, i.e., “fuse,”
the result will be that shown in Pig. 41, c. Two of

the strands represent crossovers in the sense that an
interchange has taken place between a maternal and a

paternal strand; and if at the first spermatocyte division,

when the threads begin to pull apart, the maternal sepa-

rate from the paternal threads, two threads may be seen

actually crossing each other (Pig. 41, d). They are here

the two non-crossover strands, but if the two strands

throvm to the left had been thrown to the right the two
crossover strands would cross over. The scheme is essen-

tially the same as the chiasma of Janssens, but the strands

that cross may or may not (as here) represent the cross-

over strands.
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The next two figures (Fig. 42, a, b) show how Robert-
son and Wenrich interpret the crossed threads, that they

have observed in the spermatogenesis of some of the

grasshoppers. The four strands are represented as con-

jugating side by side in Fig. 42, a. "When, the strands

begin to open out preparatory to the first spermatocyte
divisionthetwo maternal separate from the paternal at the

ends of the tetrad, while in the middle of the tetrad the

opening up involves the separation of a maternal and a
paternal strand from a maternal and a paternal. In
other words, the tetrad opens up in two planes at right

angles to each other. This scheme also gives an appa-

6
Fig. 43.—Scheme showing crossing over involving both strands of each ohromosome.

rent crossing of the strands at the level where the open-
ing out in one plane passes over into the opening out
in the other plane, but there has been no real crossing
over of the strands in the sense of interchange between
them. Theoretically this explanation is sound, and
moreover seems to be supported by observations in

cases where the maternal and the paternal strands can
be identified. The results undoubtedly show that the
occurrence of crossed threads in cases where the split

occurs in two planes does not necessarily imply that

crossing over has taken place
;
but, on the other hand, as

has been shown (in Fig. 41) a similar figure may also

necessarily result after crossing over of the threads. In
a word, the crossed-strand stage is riot ipso facto evidence
that it must have come about according to Robertson’s
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scheme. It shotild also be observed that the scheme rests

on the assumption that no twisting has preceded the stage

of the crossed threads, or, if such has taken place it

has no relation to the resulting chiasma. Yet crossing
of the threads is an observed fact.

A third scheme (Fig. 43, a, h) makes both maternal
strands interchange with both the paternal ones. This
scheme has at least one formal advantage over the other

two in that it represents the four strands, after crossing

over, as in position to lie side by side in the tetrad, so that

the two longitudinal splits that reappear later lie in the

same plane throughout their length. This seems more in

accord with many of the observations that are recorded.

If, during the following stages, the tetrads open out by the

separation of the maternal from the paternal strands the

crossed threads that result correspond to those in the first

scheme (Fig. 41). At present it is not possible to decide
between these different modes of representing crossing

over. They may all occur. Their discussion shows little

more than certain possibilities involved in the situation.

Details oe Spebmatogbnesis

Some of the stages in the spermatogenesis of a grass-

hopper, Phrynotettix, as described by Wenrich, are shown
in the following figures. The material furnishes certain

details concerning the “resting stages” of the nuclei

preceding synapsis more completely than any other, and
it serves also to illustrate clearly the relationship of the
chromosomes to the vesicles into which they pass (or
which they form) during the resting stages. The figures

also show how the threads emerge from the vesicles in
which they appear to have been contained during the
resting stages, and' how the opening out of the tetrads
in two planes gives the appearance of chiasma accord-
ing to Wenrichi

During the time when the germ-cells are increasing in

number by division there is a resting stage after each
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division during which the chromosomes expand into a

sort of vesicle, as seen hy comparing Figs. 44, a and
44, 6. An optical cross section of the stages shown
in the last figure is represented in Fig. 44, c. An
older stage is seen in Fig. 44, d. The stage of greatest

diffusion of the chromatin material within its vesicle is

seen in this figure, where the outlines of each vesicle are

still visible. As the nucleus gets ready for another divi-

Fin. 44.—Spermatagoninl ocIIr in the last phase of division, a, and the following resting
stages, b, d. (After Wenrich.)

sion the vesicles become more distinct (Fig. 45, a,h), and
soon a coiled thread can be seen to be present in each

vesicle (Fig. 45, c). As the thread thickens (Fig. 45, d),

a longitudinal split appears in it, which indicates the plane

of division of each chromosome at the next division.

At the last spermatogonial division, the chromosomes
of the two daughter nuclei form vesicles, as they have done

in earlier divisions (Fig. 46, a and h). But changes begin

to take place that carry the chromosomes through a very

different series of stages from those seen in preparations


